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The constant growth of metabolomics over the last 5 years is an 
undeniable fact that indicates the significant contribution of this 
discipline to different fields of research.  
In this context, the three objectives of this thesis have been: 
1. Mastering of the main analytical platforms used in metabolomics: 
nuclear magnetic resonance (NMR), liquid chromatography (LC), and 
gas chromatography (GC) coupled to mass spectrometry (MS).  
2. Developing an untargeted metabolomic workflow, involving novel 
aspects of sample preparation, and data processing for metabolite 
identification. 
The achievement of these two analytical and methodological 
objectives has led to the publication of two peer-review articles, which 
consitute Work 1 and 2 of Chapter 2.1:  
In Work 1: I aimed to optimize metabolite extraction conditions for 
NMR analysis, followed by LC-ESI-MS by using the same sample extract 
with no need for solvent exchange or further pretreatment.  
In Work 2: I aimed to investigate the impact of different aspects of 
univariate statistical analysis on untargeted LC-MS based metabolomic 
experiments. 
3. Implementing our untargeted metabolomic workflow to the study 
of human patients with Polycystic Ovary Syndrome (PCOS) and their 
response to drug treatment. 
These clinical studies led to the publication of two peer-review 
articles, and a third work submitted for publication which consitute 
Works 3-5 of Chapter 2.2: 
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In Work 3: I aimed to implement a GC-MS untargeted metabolomic 
approach to provide new insights on the impact that obesity exerts on 
the metabolic derangements associated with PCOS. 
In Work 4: I aimed to implement a multiplatform approach based on 
NMR and LC-MS to provide new insights in PCOS disease in a cohort of 
young lean PCOS patients.  
In Work 5: I aimed to implement a multiplatform approach based on 
NMR, GC-MS and LC-MS to provide new insights on the action of drug 
polytherapy to PCOS disorder. 
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1.1 METABOLOMICS 
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Metabolomics is an emerging field in the “omics” scene that focuses 
on the comprehensive characterization of small molecules in biological 
matrices. These small molecules, or metabolites, are intermediates and 
products of metabolism. Metabolites are involved in a diversity of 
cellular functions, including cell energetics, inflammation, signalling, as 
well as building blocks of structural biopolymers such as proteins and 
DNA [1]. Endogenous metabolites are often altered in response to 
environmental factors, disease, nutrition and other aspects in an 
attempt to maintain cellular homeostasis in the organism. Metabolomics 
is able to cope with such disturbances providing a comprehensive view 
of biochemical reactions and cellular phenotypes. The total collection of 
metabolites in a cell, tissue or organism is defined as the “metabolome” 
[1]. A full understanding of the metabolome is essential for obtaining a 
comprehensive view of the functioning of cells, tissues and organisms. 
The word metabolomics was coined by analogy with other omic 
approaches, and has emerged as a complementary field to genomics, 
transcriptomics and proteomics, which are involved in the global study 
of DNA, mRNA, and proteins, respectively. The metabolome is 
considered the end-point of the ‘omics’ cascade [2]. Genes and proteins 
are subject to epigenetic regulation and post-translational modifications, 
respectively, while metabolites provide an instantaneous snapshot of the 
physiology of the biological system under study. Changes in the 
metabolome are the ultimate answer of an organism to genetic 
alterations, disease, or environmental influences. These changes, 
therefore, reflect more accurately the phenotype of a biological system.  
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In this context, recent innovations in instrumentation in MS and 
NMR, bioinformatic tools, and software enable the comprehensive 
analysis of cellular metabolites without bias [2].  
 
UNIVERSITAT ROVIRA I VIRGILI 
MASS SPECTROMETRY AND NUCLEAR MAGNETIC RESONANCE BASED METABOLOMICS APPLIED TO THE STUDY OF POLYCYSTIC OVARY SYNDROME 
Sara Samino Gené 
Dipòsit Legal: T.63-2014 
 
 
 
 
 
 
 
 
 
 
1.2 TARGETED vs. UNTARGETED 
METABOLOMICS 
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The first step in performing metabolomics is to determine the 
number of metabolites to be measured. Ultimately, the number and 
chemical composition of metabolites studied is a defining attribute of 
any metabolomic experiment that shapes experimental design with 
respect to sample preparation and choice of instrumentation. This 
important attribute of metabolomic experiments has led the field to 
refer to either targeted or untargeted approaches. 
Targeted metabolomics:  This approach is typically hypothesis-driven, 
and refers to a method in which a small and well-defined set of known 
metabolites are measured and quantified [3]. Generally, this set of 
metabolites is focused in one or more related pathways [4]. The targeted 
analysis of metabolites has been done for many decades now, far before 
the term metabolomics was coined. A large number of methods are 
available for many metabolites such as sugars [4], amino acids [5], 
steroids [6] or fatty acids [7], among others. The benefit of such targeted 
methods is that minimal effort and resources are required to profile 
these specific metabolites over a large number of samples.  
Untargeted metabolomics: Untargeted methods are global in scope 
and have the aim to simultaneously measure as many metabolites as 
possible from biological samples without bias [2]. This metabolomic 
approach is typically hypothesis generating and provides a global 
comparative overview of metabolites abundances between two or more 
sample groups (i.e., experimental conditions), for example, healthy vs. 
disease or, WT (wild type) vs. KO (knock-out). However, in contrast to 
targeted metabolomics, the main bottleneck of an untargeted approach 
is the identification of metabolites on the basis of MS and/or NMR peaks 
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from exceedingly complex datasets [2]. Despite this challenge, this 
approach has the potential to involve previously unrecognized 
metabolites in seemingly known human pathological conditions. As a 
result, most of the methodological work and clinical studies presented in 
this thesis will focus on an untargeted metabolomic approach.  
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Although untargeted metabolomic experiments are often hypothesis 
generating rather than hypothesis driven, it is important to carefully 
construct an experimental design that maximizes the number of 
metabolites detected and their quantitative reproducibility.  
In contrast to genomics and proteomics that deal with combinations 
of 4 bases and 20 amino acids, respectively, metabolomics must cope 
with the great chemical and physical complexity of metabolites, ranging 
from very polar to very hydrophobic compounds and a wide mass 
window, typically between 50 Da and 1500 Da [1]. In addition, some of 
them are present at low pico-molar concentrations such as hormones 
and neurotransmitters, and other at milli-molar concentrations such as 
glucose or some amino acids. 
Therefore, in order to obtain reliable results from untargeted 
metabolomic studies, numerous factors must be carefully considered. 
These factors include: sample preparation, implementation of 
appropriate MS and NMR analytical tools for sample analysis, data 
analysis, and last but not least, biological interpretation [8] (Figure 1). 
Hence, a well-defined workflow characterizes untargeted metabolomics.  
The following sections will consider specific issues related to this 
workflow.  
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Figure 1. Untargeted metabolomics workflow 
1.3.1 Sample preparation 
In metabolomics, metabolites are typically isolated from complex 
biological matrices, including serum, plasma, tissue homogenates, saliva, 
urine, or cell pellets.  
Sample quality preparation is a key factor that determines the 
success of any analytical procedure [9]. Ideally, metabolite extraction 
aims to (i) efficiently release metabolites from sample, (ii) remove 
interferences that hinder a proper analysis (e.g. proteins and salts) and 
(iii) make the extract compatible with the analytical technique [10]. The 
overall purpose of the sample preparation procedure is to reproducibly 
transform the sample into a format that will be compatible with the 
analytical technique chosen whereas the original metabolite 
composition is maintained. The optimal method for untargeted 
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metabolomics should (a) extract the largest number of metabolites, (b) 
be nonselective and not exclude molecules with particular physical or 
chemical properties, and (c) be nondestructive or modify metabolites 
through chemical or physical means.  
Due to the large chemical diversity of metabolites, however, no 
universal isolation method for detecting all metabolites is available. 
Generally, organic solvents are used for sample homogenization, protein 
precipitation and solubilisation of metabolites [9,10]. The solubility of a 
metabolite fundamentally depends on the organic solvent, temperature 
and pH used. Polar solvents (e.g methanol [11], methanol-water [12] 
mixtures or ethanol [9]) are normally used in metabolomics expermients. 
But, non-polar solvents such as chloroform or hexane can be used to 
extract lipophilic components. Metabolites can be also extracted at 
extreme pH  (such as perchloric acid [13] or meta-phosphoric acid [9]) 
with the aim to extract acid-stable compounds.  
Therefore, the method used will ultimately determine the classes of 
metabolites detected by MS or NMR. The wide range of metabolites with 
different physicochemical properties usually demands application of 
complementary sample preparation protocols. 
 
1.3.2 Sample Analysis 
Due to the large chemical complexity of the metabolome, it is not 
possible to analyse the entire range of metabolites using a single 
analytical platform. Consequently, multiple analytical platforms are 
needed to increase the coverage of the metabolome [8]. NMR and MS 
are the most widely used analytical platforms in metabolomics [14]. MS 
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is normally coupled to chromatographic techniques to extend the range 
of compound classes detected. In short, LC, GC and Capillary 
Electrophoresis (CE) coupled to MS, together with NMR have emerged as 
the analytical platforms used in metabolomics experiments [15,16,17]. 
 
1.3.2.1 Mass Spectrometry 
MS is an analytical technique that can provide both qualitative 
(structure) and quantitative (molecular mass and concentration) 
information of metabolites after their conversion to ions. Metabolites 
are first introduced into the ionisation source of the mass spectrometer, 
where they are ionised to acquire positive or negative charges. The 
ionized molecules then travel through the mass analyser and arrive at 
the detector according to their mass-to-charge (m/z) ratio. Mass 
analysers measure the accurate mass of each metabolite, thus is possible 
to assign an elementary composition to each mass. In addition to this 
qualitative description, mass spectrometry offers a measure for quantity 
by counting the ion abundance of each mass. This is done after the ions 
make contact with the detector, where useable signals are generated 
and recorded by a computer system. The computer displays the signals 
graphically as a mass spectrum showing the relative abundance of the 
signals according to their m/z ratio (Figure 2).  
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Figure 1. General workflow of a mass spectrometer 
The sample can be inserted directly into the ionisation source, or can 
undergo some type of chromatography before entering the ionisation 
source. In metabolomics experiments, this later method is generally used 
[18]. Therefore, sample introduction usually involves a mass 
spectrometer coupled directly to a high pressure liquid chromatography 
(HPLC) [19], ultra high pressure liquid chromatograpy (UHPLC) [20], GC 
[16] or CE [15] (Figure 3). Hence the sample is separated into a series of 
components that then enter the mass spectrometer sequentially for 
individual analysis. In this thesis, the separation methods used have been 
GC and LC, and they are detailed in the following section.   
 
Figure 2. Chromatography coupled to Mass Spectrometry 
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Gas Chromtography-Mass spectrometry 
GC-MS has been applied to a wide range of investigations of the 
human metabolome [21,22]. 
In GC-MS, sample extract is introduced into a heated injector (200-
250°C), where rapid vaporization and mixing with the carrier gas (usually 
helium) occur, followed by chromatographic separation of metabolites 
on the GC column and subsequent MS detection.  
Sample can be injected in either split or splitless mode. In a splitless 
system, the advantage is that larger amount of sample can be introduced 
into the column. However, a split system is preferred when the detector 
is sensitive to trace amounts of analyte and there is concern about 
sample overloading  in the column. In metabolomics studies, split mode 
is generally preferred because metabolites are present in a wide range of 
concentrations. Then, small molecules are separated in GC columns 
based on their volatility, or ease with which they evaporate into a gas, 
before they enter into the mass spectrometromer. In general, small 
molecules travel more quickly than larger molecules. The retention of 
such metabolites is based on the partitioning between the mobile phase, 
consisting of a carrier gas, and a stationary phase consisting of a liquid 
residing on the inside wall of the capillary. The stationary phase may be 
of many different types but, in metabolomics approaches, usually is a 
non-polar phase with high intertness. The capillary column is held in an 
oven that can be ramped continuously or in steps to achieve desired 
separation. As the temperature increases, those compounds that have 
low boiling points elute from the column sooner than those that have 
higher boiling points. Typical column oven temperatures range from 40 
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to 325ºC [23]. The rate at which a sample passes throug the column is 
directly proportional to the temperature of the column.  
The gas chromatograph is typically coupled to a mass analyser via an 
electron ionization (EI) source [21]. The EI source is now widely 
implemented in metabolomics, but other ion sources can also be used, 
including chemical ionisation (CI) [24]. In EI, analytes are fragmented into 
ions by a stream of electrons with a kinetic energy of 70 eV. All these 
ions are separated according to their mass-to-charge ratio (m/z) and ions 
are detected in proportion to their abundance. The fragmentation of 
molecules is highly dependent on the chemical structure. Each 
metabolite presents a particular fragmentation pattern called mass 
spectrum that can be compared with GC-MS libraries such as the 
National Institute for Standard Technology (NIST).  
. There are two main mass analysers that can be coupled to GC and 
used in untargeted metabolomics. These are single quadrupoles [25], 
which provide nominal-mass information, or TOF systems [21,26], which 
depending on the vendor provide nominal-mass or high-mass accuracy. 
TOF analyzers provide faster scan-rates than single quadrupoles, and 
recently, GC-quadrupole-TOF instruments have been implemented that 
provide MS/MS capabilities [27]. 
Triple quadrupole (QqQ) mass analysers are also used for 
metabolomics experiments coupled to GC, but generally, QqQ are only 
used for targeted metabolomic analyses [28]. QqQ mass analyzers 
enable higher level of molecular specificity and selectivity. In this thesis, 
however, GC-MS is performed using single quadrupole and QTOF mass 
analyzers.  
UNIVERSITAT ROVIRA I VIRGILI 
MASS SPECTROMETRY AND NUCLEAR MAGNETIC RESONANCE BASED METABOLOMICS APPLIED TO THE STUDY OF POLYCYSTIC OVARY SYNDROME 
Sara Samino Gené 
Dipòsit Legal: T.63-2014 
 
Introduction 
32  
The advantages of GC analysis are its high separation efficiency and 
robustness [29]. The main drawback is that it can only be used to 
separate volatile analytes. The vast majority of metabolites are non-
volatile, imposing the necessity to derivatise metabolites. However, 
many metabolites can not become volatile after derivatization either, 
particularly large metabolites that form strong intermolecular 
interactions. Another drawback is the degradation of thermolabile 
metabolites. Therefore, comprehensive techniques such as LC-MS or 
NMR have to be used to cover a greater diversity of metabolites.  
 
High-Performance Liquid Chromatography/mass spectrometry 
Like GC, LC separation is based on partitioning, but in this case 
between a liquid flow (mobile phase) and a stationary phase. HPLC relies 
on pumps to pass a pressurized liquid and a sample mixture through a 
column filled with a sorbent, leading to the separation of the sample 
components (i.e., metabolites). The active component of the column, the 
sorbent or stationary phase, is typically a granular material made of solid 
particles (e.g. silica, polymers, etc.), 2-50 micrometers in size. 
Metabolites are separated from each other due to their different 
degrees of interaction with the sorbent particles. The pressurized liquid 
is typically a mixture of solvents (e.g. water, acetonitrile and/or 
methanol) and is referred to as a "mobile phase". Its composition and 
temperature plays a major role in the separation process by influencing 
the interactions taking place between metabolites and sorbent. These 
interactions are physical in nature, such as hydrophobic, hydrophilic and 
ionic, most often a combination thereof. Hence, metabolites do not have 
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to be volatile and therefore do not requiere derivatisation prior to 
analysis. Common stationary phases in metabolomics are reverse phase 
(RP) C-18 and C8, and hydrophilic interaction liquid chromatography 
(HILIC) [30]. C-18 chromatography is the standard tool for the separation 
of medium polar and non-polar metabolites. However, very polar 
metabolites are not retained in classical C-18 stationary phases and elute 
within the void volume. The alternative is to use HILIC chromatography 
[31].  HILIC provides a method to more reliably analyze strongly polar 
and ionic metabolites.  Aside from better retention of polar metabolites, 
another advantage often reported for HILIC methods is an improvement 
in MS signal intensity due to the high organic-content mobile phases that 
enable more efficient electrospray droplet desolvation [32]. It is 
important to note, however, that this increased MS sensitivity may not 
necessariy result in the observation of more metabolic features 
depending on the samples type analyzed. Just as highly polar compounds 
elute in the void volume of C-18, highly hydrophobic metabolites elute in 
the void volume of HILIC and ion supression can therefore cause the 
number of lipid features to decrease substantially. In this perspective, C-
18 and HILIC methods are complementary with respect to metabolite 
coverage and best used in parallel to accomplish global analysis [33].  
As with GC, after liquid chromatographic separation, metabolites 
need to be ionized prior to analysis in the mass spectrometer. In the 
ionization source, analytes are transferred from liquid phase into gas 
phase. This is generally done by spraying the sample through a metal 
capillary by a turbulent air stream. Based on this principle three major 
ionization methods are available: atmospheric pressure photo ionization 
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(APPI) [34], atmospheric pressure chemical ionization (APCI) [35], and 
electro spray ionization (ESI) [30]. In this thesis, ESI has been the chosen 
ionization. ESI is a “soft” ionization technique, provided that there is very 
little fragmentation of analyte structures. In order to obtain a broad 
coverage of the metabolome, ionization must be performed in positive 
and negative mode [36]. ESI is the most efficient interface for generating 
[M+H]
+
/[M-H]
-
 (positive/negative) ions but it also produces adducts such 
as [M+Na]+ or [M+K]+ ions by thermal ion attachments [30].  
From the ionization source ions are guided into the mass analyser. In 
untargeted metabolomics analyses the ESI source is commonly coupled 
to high resolution mass analyzers such as Time of Flight (TOF) [37], 
Orbitrap [38], Quadrupole Time of Flight (QTOF) [9] and Fourier 
Transform Ion Cyclotron Resonance (FT-ICR) [30]. The mass analyser 
chosen throughout this thesis is the QTOF (Figure 4). QTOF MS in 
combination with LC is one of the most used instruments for 
metabolomics studies [20,39]. Even though it offers moderate mass 
resolution and mass accuracy when compared with Orbitrap or FT-ICR, 
QTOF may compensate with very fast scanning rates [30].   
QTOF technology provides both a quadrupole and time-of-flight mass 
analysers with an intermediate collision cell for possible tandem MS 
fragmentation experiments [40]. A quadrupole mass analyser consists of 
four metal rods arranged in parallel where those opposite to one 
another are electrically connected by a radio frequency (RF) voltage 
supply [40]. The charged molecules enter the quadrupole but only ions 
within a certain m/z range will survive all the way through the 
quadrupole and arrive to the collision cell, where they can be 
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fragmented. The resulting fragment ions reach the TOF for mass 
accurate measurement and generate a fragmentation spectrum that can 
be compared with those present in databases. The TOF is a high 
resolution mass analyzer and functions by applying high voltage pulses to 
orthogonally accelerated ions into a high vacuum flight tube and a 
reflectron to reflect them back towards a detector [40].  In untargeted 
metabolomics studies, however, QTOF is initially used in profile mode. 
This mode let all ions travel through the quadrupole for accurate 
measurement by the TOF.  
 
Figure 3.Schematic representation of QTOF mass analyzer. 
 
Alternatively, as with GC-MS, LC can be coupled to a QqQ mass 
analyzer for targeted analyses [41].  
The primary advantage of LC-ESI MS over GC-EI MS is its ability to 
analyse polar and non-polar thermolabile metabolites [1]. This 
advantage results in improved coverage of the metabolome. The main 
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disadvantage of LC-MS with respect to GC-MS is its lower reproducibility 
and lower robustness.  
 
1.3.2.2 NMR  
Along with MS, NMR is the other important analytical platform used 
in metabolomics [42,43]. NMR is a non-destructive, rapid and highly 
robust technique that produces highly informative structural and 
quantitative information. In fact, 
1
H-NMR spectra can be acquired in a 
few minutes with minimum sample preparation which usually just entails 
buffering and/or internal standard addition [44]. The compound used as 
internal reference in the NMR spectrum is generally the sodium salt of 3-
trimethylsilylpropionic acid –d4 (TSP-d4) with deuterated methylene 
groups, which is used as a reference for concentration and for chemical 
shift (δ = 0.00 ppm) [44].  Alternatively, a reference signal can be 
introduced electronically, using an Electronic Reference to access In vivo 
Concentrations (ERETIC) for quantification purposes [45].  
NMR-based metabolomic experiments present to major 
experimental issues [44]. The first one deals with accurate solvent 
suppression, and it is generally resolved with a presaturation step. The 
second experimental issue refers to distinction between small molecular 
weight metabolites and macromolecules. Macromolecules produce 
broad resonances due to limited rotational diffusion and short T2 
relaxation times, causing difficulties in spectral interpretation. To 
overcome these problems, 1D nuclear Overhauser effect spectroscopy 
with presaturation (1D NOESY-presat) [46] and the 1D Carr-Purcell-
Meiboom-Gill (CPMG) are two pulse sequences frequently used for 
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metabolic profiling [47]. 1D NOESY has become the most popular 
sequence for NMR-based metabolomic analysis [46]. This is mostly due 
to its efficient water suppression with little calibration and high signal 
reproducibility. CPMG is a special pulse sequence used to remove broad 
protein signals, and only small molecules are visible in the spectra [44]. 
In contrast, LED diffusion provides information on relatively large 
molecules such as lipoproteins. In this thesis work, I have used 1D  LED 
diffusion NMR experiments for estimating the sizes and the relative 
proportions of different lipoprotein subclasses followed by a surface 
fitting algorithm based on Lorentzian functions [52]. 
Besides 1D 
1
H NMR, another frequently used sequence in NMR 
metabolomics studies is homonuclear 2D J-resolved [48]. This sequence 
increases the identification of biochemical substances by determining 
the coupling between two different nuclei (e.g., 
31
P coupled to 
1
H). 
Additional 2D NMR spectroscopy methods used in metabolomics are 
correlation spectroscopy (COSY) [49] and total correlation spectroscopy 
(TOCSY) [50], which provide spin-spin coupling connectivities [51]. In 
these methods, magnetization transfer occurs between nuclei of the 
same type, through J-coupling of nuclei connected by up to a few bonds. 
In this thesis work, I have used 2D NMR experiments for reliable 
metabolite identifications. 
 
1.3.2.2 NMR vs. MS 
Comparatively, MS and NMR have their own specific advantages and 
limitations when dealing with metabolomic studies. The main advantage 
of MS is its sensitivity, as state-of-the-art mass spectrometers can detect 
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metabolites in the femtomole range [30]. Coupling MS with LC or GC 
enables the measurement of several hundred individual species within a 
single analysis [30]. Perhaps the major weakness of MS in metabolomics 
is absolute quantification. The type of sample preparation used and its 
molecular environment affect MS signal intensitiesfor every compound. 
Adding known amounts of internal isotope-labeled standards enables 
accurate quantification for specific molecules, however, this strategy is 
impractical for purely discovery-driven metabolomics research, and, for 
this reason, untargeted metabolomic studies are based on comparing 
peak area or intensity to establish differences in the relative abundance 
of specific metabolites between different sample conditions.   
This specific weakness of MS is the major strength of NMR. The peak 
area of a compound in the NMR spectrum is directly related to the 
concentration of specific nuclei (generally 
1
H), making absolute 
quantification of compounds in a complex mixture very precise [53]. 
Another valuable feature of NMR is its versatility for analyzing 
metabolites in the liquid state (e.g., serum or urine) or in intact tissues 
(e.g., liver) without any step of metabolite extraction. Unfortunately, 
sensitivity, which is the major strength of MS, is the major weakness in 
NMR. NMR is still order of magnitude less sensitive than MS.  
Taken together, the complementary nature of both NMR and MS 
technologies provides an opportunity to determine the identity of a large 
number of metabolites, which is the main objective of an untargeted 
metabolomic experiment [54]. However, sample preparation disparities 
between NMR and MS may limit the analysis of the same samples by 
both platforms. In this thesis, this issue has been addressed by 
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investigating different extraction protocols that may satisfy the 
requirements for both technologies simultaneously (section 2.1.1). 
 
1.3.3 Data Analysis  
In contrast to targeted metabolomics, untargeted metabolomic 
datasets are exceedingly complex with file sizes on the order of 
gigabytes per sample for some new high-resolution MS instruments [18]. 
Manual inspection of the hundreds and thousands of peaks detected by 
NMR and MS, respectively, is impractical and complicated by 
experimental drifts in instrumentation. In LC-MS experiments, for 
example, there are deviations in retention time from sample to sample 
as a consequence of column degradation, carry over, small fluctuations 
in room temperature, mobile phase pH, etc. Therefore, these and other 
challenges may present significant obstacles for interpreting and 
converting untargeted profiling data into useful biological information. In 
this thesis work, major progress has been made to establish a robust 
data analysis workflow for MS-based metabolomics making especial 
emphasis on statistical analysis to rank relevant metabolite features. 
Two possible workflows for data analysis are proposed depending on 
the analytical workflow (Figure 5):  
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Figure 4. Data analysis workflow for untargeted metabolomics experiments. 
 
 (a) Feature-oriented data processing:  
Firstly, raw data is converted into a standard format such as mzData. 
Vendor or free software (e.g., ProteoWizard [55]) are available for 
generating mzData.  
Several MS-based metabolomic software provide methods for peak 
picking, non-linear retention time alignment, visualization, and relative 
quantitation. The XCMS software [56] has been used throughout this 
thesis, however, there are additional tools such as Mzmine [57] or 
Metaling [58] that can also provide automatic methods for peak picking, 
alignment, and relative quantification. XCMS is implemented as a 
package within the R programming environment. XCMS implements 
three main steps: 
1. Peak detection: the algorithm identifies peaks in each of the 
samples; 
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2. Non-linear retention time alignment: matches peaks with similar 
retention times across multiple samples, and use the groups of matched 
peaks for time alignment; 
3. Fill in any missing peaks: the peaks that have failed to be detected 
in step 1, are filled in properly from raw data. 
As a result, the output matrix of XCMS includes the intensity or area 
under the peak for all features detected, for every sample. In this 
process, thousands of so called metabolite features are routinely 
generated. A feature is defined as a peak corresponding to an individual 
ion with a unique mass-to-charge ratio and a unique retention time. It is 
worth emphasizing that one feature is not equivalent to one metabolite. 
Generally, more than one feature belongs to the same metabolite. For 
example, due to “hard” ionization of GC-EI MS, the fragmentation of 
metabolites generates more than one feature for the same compound. 
In LC-MS data, isotopic distributions, potential adducts or in-source 
fragmentation generates more than one feature for the same 
metabolite. This redundancy can be filtered and annotated using several 
open-source software such as CAMERA [59] and/or Astream [60], or 
commercially available tools such as Mass Hunter (Agilent Technologies) 
or Sieve (Thermo Scientific). 
Next, the abundance of all these features can be normalized to 
internal standards (particularly in GC-MS) and statistical analysis will 
reveal which features are significantly different between sample groups. 
Finally, in a feature-oriented workflow, the last step is metabolite 
identification. 
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- Identification of metabolites by GC-MS: statistically significant 
features are assigned to metabolites by comparing their mass 
spectra to those present in libraries such has NIST, Fiehn or 
Golm Metabolome Database [61]. 
- Identification of metabolites by LC-MS: to determine the 
identity of a feature of interest, the accurate mass of the 
compound is first searched in metabolite databases such as 
Metlin [62] or the Human Metabolome Database (HMDB) [63]. 
A database match represents only a putative assignment that 
must be confirmed by comparing the retention time and 
MS/MS data of a model compound to that from the feature of 
interest in the research sample. Currently, MS/MS data for 
features selected from the profiling results are obtained from 
additional experiments and matching of MS/MS fragmentation 
patterns is performed manually by inspection. These additional 
analyses are time-consuming and represent the rate-limiting 
step of the untargeted metabolomic workflow. 
 
(b) Metabolite-oriented data processing: in this workflow 
metabolites are identified before any statistical analysis, and it is 
commonly implemented for GC and NMR-based experimental designs.  
- NMR:  raw data are typically processed by means of Fourier 
Transform (FT) and baseline removal [44]. Baseline distortions affect not 
only the statistical analysis but also the quantification of metabolites. 
These distortions can be corrected in many different ways but usually an 
automated baseline correction is applied. Next, all spectra are aligned by 
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spectral referencing [64]. Finally, two strategies can be followed for 
metabolite identification: (i) selected peaks in the NMR spectra are 
integrated and identified using the AMIX software; (ii) NMR resonances 
are deconvoluted and metabolites identified by manual fitting using 
Chenomx database and commercial software. The areas under the NMR 
peaks are normalized either to internal standards (e.g., Chenomx and 
AMIX) or to an electronic reference (e.g., AMIX) (see section 1.4.2). 
Finally, statistical analysis is performed. 
- GC-MS: metabolite identifications can be done automatically by 
deconvoluting spectra using vendor software such as MassHunter 
(Agilent Technologies) or CromaTOF (LECO). Both software use Fiehn 
Metabolomics and NIST libraries for metabolite identification.  
Alternatively, there are freely available software packages that can be 
also used, including BinBase [65], TargetSearch [66] or ADAP [67].   
 
1.3.4 Biological interpretation  
Metabolomics provides a tool to measure biochemical activity 
directly by monitoring the substrates and products transformed during 
cellular metabolism. Untargeted profiling of these chemical 
transformations at a global level serves as a phenotypic readout that can 
be used effectively in clinical diagnostics, to identify therapeutic targets 
of disease, and to investigate the mechanisms of fundamental biological 
processes. In this sense, there are numerous computational tools to 
interpret alterations in metabolite abundances, including pathway-
oriented databases such as KEGG [68], Cytoscape [69],  Reactome [70], 
or commercially available software such as Ingenuity Pathways Analysis 
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(Qiagen) and GeneSpring (Agilent Technologies). Additionally, the HMDB 
contains chemical, clinical and biochemical information (i.e., 
MetaboCards) for most endogenous metabolites.  
Besides these tools, generally, the most effective approach to put 
metabolite changes into their appropiate biological context is to search 
thoroughly in the literature.  
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1.4 CLINICAL METABOLOMICS: PCOS 
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Considering its sensitivity, throughput, and minimal sample 
requirements, untargeted metabolomics has wide applicability across a 
myriad of biological questions. Despite its relatively recent emergence as 
a global profiling technology, untargeted metabolomics has already 
affected our understanding of comprehensive cellular metabolism and 
been utilized to address a number of biomedical issues [71,72,73]. For 
example, metabolite profiling has become a powerful approach in 
clinical studies, aiming at acquiring knowledge on the mechanisms of 
drug action, or the disease itself, and discovering potential new 
biomarkers.  
Within this context, polycystic ovary syndrome (PCOS) has been 
studied in this thesis with a three-fold purpose (section 2.2): (i) discover 
potential new biomarkers, (ii) study drug response, and (iii) provide 
novel biochemical insight into this clinical syndrome.  
PCOS is a complex endocrine disorder characterised by reproductive 
and metabolic disturbance – polycystic ovaries, anovulation, 
hyperandrogenism, insulin resistance, hyperinsulinaemia, pancreatic 
beta cell dysfunction and hyperlipiademia. It is the most common cause 
worldwide of ovarian infertility and is a familial polygenic condition, 
linked genetically to both type 2 diabetes and the metabolic syndrome 
[74,75]. The prevalence of PCOS is between 6% and 10% in developed 
countries, although this clinical syndrome sits atop a spectrum of 
disordered polycystic ovarian morphology and metabolic function with 
an estimated prevalence of 20-30% in developed countries including up 
to 52% of South Asian immigrant women in Britain [76]. 
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Symptoms 
Women with PCOS present a wide range of symptoms. The most 
common are menstrual irregularities. Most women with PCOS have 
polycystic ovaries on ultrasound (75-90%) and biochemical or clinical 
signs of androgen excess (70%). The androgen excess is manifested 
mainly by hirsutism (i.e. abnormal growth of hair in a person’s face and 
body). PCOS is also one of the most frequently causes of infertility and 
the most common cause of ovulatory dysfunction[77].     
 
Diagnosis of PCOS 
The definition and hence the diagnosis of PCOS remain controversial. 
To date, two major criteria have been proposed based on two 
international conferences: 
- National Institutes of Health (NIH) criteria (1990) includes: (i) 
hyperandrogenism and/or hyperandrogenemia, (ii) chronic anovulation, 
and (iii) exclusion of related disorders such as hyperprolactinemia, 
thyroid disorders, and congenital adrenal hyperplasia [78]. Conference 
participants recognized that while polycystic ovaries were often 
observed, they felt that this finding was suggestive, but not diagnostic of 
the syndrome.  
- European Society for Human Reproduction and Embryology (ESHRE) 
and the American Society for Reproductive Medicine (ASRM): the 
proceedings of the conference noted that PCOS could be diagnosed by 
having two of the following three features: (i) oligo- or anovulation, (ii) 
clinical and/or biochemical signs of hyperandrogenism, and (iii) 
polycystic ovaries, after the exclusion of related disorders [79]. These 
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recommendations did not eliminate the NIH 1990 criteria; rather they 
expanded the definition of PCOS.  
Additional phenotypes now to be considered as PCOS included: (i) 
women with polycystic ovaries and ovulatory dysfunction but no signs of 
androgen excess, and (ii) wonem with polycystic ovaries with clinical 
and/or biochemical evidence of androgen excess, but no signs of 
ovulatory dysfunction [80].  
 
Treatment options 
- Weight loss: Among women with PCOS, 65-75% are obese. Obesity 
has a significant impact on reproductive outcome. In this case, women 
should be provided with assistance to lose weight, including 
psychological support, dietary advice, exercise classes, and, where 
appropiate, weight-reducing agents or bariatric surgery.  
- Hormonal supression: oral contraceptives are the first-line therapy 
for most of these women. In spite of menstrual cycle regulation, oral 
contraceptives reduce the biologic activity of androgens. Oral 
contraceptives contain a combination of estrogen and progesterone. 
- Ovulation induction: PCOS is the most common cause of ovulatory 
dysfunction and one of the most frequently seen indentifiable causes of 
infertility.  
- Metformin: is a biguanide antihyperglycemic agent approved for 
the treatment of type 2 diabetes mellitus. When it is used in anovulatory 
women with PCOS, it acts to decrease insulin levels and increase levels of 
sex hormone-binding globulin (SHGB), which in turn, increases levels of 
estrogens and decreasesthose of testosterone.  
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In spite of considerable research efforts [75,81,82], mechanisms 
leading to PCOS remain unknown, although, like most complex 
heterogeneous diseases, both environmental and genetic factors are 
implicated.   
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CHAPTER 2. RESULTS
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2.1 Current Challenges in Untargeted 
Metabolomics
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2.1.1 Assessment of compatibility between extraction methods 
for NMR- and LC-MS-based metabolomics 
SUMMARY  
Because of the wide range of chemically and structurally diverse 
metabolites, efforts to survey the complete metabolome rely on the 
implementation of multiplatform approaches based on NMR and MS. 
Sample preparation disparities between NMR and MS, however, may 
limit the analysis of the same samples by both platforms. Specifically, 
deuterated solvents used in NMR strategies can complicate LC-MS 
analysis as a result of potential mass shifts, whereas acidic solutions 
typically used in LC-MS methods to enhance ionization of metabolites 
can severely affect reproducibility of NMR measurements. These 
intrinsically different sample preparation requirements result in the 
application of different procedures for metabolite extraction, which 
involve additional sample and unwanted variability. To address this 
issue, we investigated 12 extraction protocols in liver tissue involving 
different aqueous/organic solvents and temperatures that may satisfy 
the requirements for both NMR and LC-MS simultaneously. We found 
that deuterium exchange did not affect LC-MS results, enabling the 
measurement of metabolites by NMR and, subsequently, the direct 
analysis of the same samples by using LC-MS with no need for solvent 
exchange. Moreover, our results show that the choice of solvents rather 
than the temperature determined the extraction efficiencies of 
metabolites, a combination of methanol/chloroform/water and 
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methanol/water being the extraction methods that best complement 
NMR and LC-MS analysis for metabolomic studies. 
 
INTRODUCTION 
Metabolomics is focused on the profiling and quantification of small, 
naturally occurring compounds that collectively constitute the so-called 
metabolome and, as such, serve as direct signatures of biochemical 
activity in cells.
1-3
 In this context, two different technologies have arisen 
in the field: NMR and MS. As a result of the wide range of chemically and 
structurally diverse metabolites, however, there is not a unique NMR or 
MS analytical platform able to reliably measure such a diversity of 
compounds, especially for untargeted metabolomic studies. Therefore, 
the implementation of multiplatform approaches has been used to 
expand coverage of the metabolome.
4
 
1
H NMR is characterized by a high 
technical reproducibility, fast analysis, and robust quantification of 
compounds. In addition, it does not require extensive sample 
preparation, and the comprehensive databases available facilitate 
identification of metabolites.
5
 The inherent limitation of NMR, however, 
is its poor sensitivity, which hampers the detection of important 
metabolites present at low concentrations. In contrast, LC-ESI-MS, the 
most commonly used analytical combination in MS-based untargeted 
metabolomics, provides higher sensitivity and molecular specificity.
6
 Yet, 
the lack of many pure standard compounds and comprehensive 
metabolite MS/MS databases hinders fast and reliable  identification of a 
large number of metabolites. Nevertheless, the distinctive 
physicochemical principles of NMR and MS make these two technologies 
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complementary and can potentially expand metabolite coverage in 
untargeted metabolomic studies. For example, metabolites such as 
glucose or lactic acid, which are not readily ionized by ESI or not retained 
using reverse-phase chromatography, respectively, can be detected by 
using NMR straightforwardly. Such complementarity should gather more 
information about the levels of metabolites perturbed, thus enabling a 
wider interrogation of the fundamental biochemical processes involved 
in the underlying phenotype. The fact, however, is that the vast majority 
of metabolomic studies have been performed by using a single analytical 
platform based on either NMR
7−9
 or MS
10−13
 technology. Few studies 
have taken full advantage of the complementarity between NMR and 
MS.
4,14−18
 Apart from the need of expertise in MS and NMR and the 
availability of both technologies, the main reason for using a single 
platform is the disparity between the initial amount of sample required 
for NMR and MS analyses and sample preparation (i.e., extraction of 
metabolites). Samples for NMR-based metabolomics can be analyzed 
without extraction of metabolites provided that the active volume of the 
NMR probe is filled, typically with 500 μL of biofluid for 5 mm NMR 
tubes. However, the intrinsic low resolution of NMR greatly hinders 
accurate assignments and quantification of a large number of 
metabolites from biofluids
4,8,9
 or intact tissues (i.e., 
1
H-MAS NMR).
19−21
 In 
this context, extraction of metabolites may reduce broad signals in the 
spectra arising from the high overlap of chemical shifts for metabolites 
and macromolecules (e.g., proteins) and generate narrower and better-
resolved NMR  resonances that allow reliable quantification of 
metabolites.
22
 Samples for LC-MS-based metabolomics usually require 
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protein removal under nonphysiological conditions, such as high 
percentage of organic solvents and acidic pH, and injections of <20 μL of 
the extracted compounds.
23−27
 The reproducibility of NMR 
measurements using these sample preparation procedures for LC-MS, 
however, can be severely affected by the pH and the ionic strength of 
the solution. Therefore, in the few studies that have aimed to measure 
the same sample (e.g., tissue extract, cell cultures, serum) by using LC-
MS and NMR, the original sample was aliquoted and subjected to 
different extraction protocols.
28
 Alternatively, the supernatant obtained 
after the extraction process is aliquoted, dried and later dissolved in 
specific solvents for NMR or LC-MS.
12
 This common practice requires 
initial large sample volumes, which may preclude the analysis of 
important biofluids, such as vitreous humor or cerebrospinal fluid, and 
small tissues sections, such as those obtained from biopsies. Under these 
premises, there is a need in metabolomic studies for developing 
compatible extraction protocols, which enable direct measurement of 
metabolites both by NMR and LC-MS. In the present study, we use liver 
tissue to optimize metabolite extraction conditions for NMR analysis, 
followed by LC-ESI-MS by using the same sample extract with no need 
for solvent exchange or further pretreatment. Specifically, we applied 12 
extraction methods involving different aqueous/organic solvents and 
three different temperatures to liver tissue. We investigated the number 
of metabolites, the extraction efficiency, and the reproducibility of the 
methods by using  NMR and LC-MS. 
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EXPERIMENTAL SECTION 
Reagents. LC-MS grade methanol (MeOH) and acetonitrile (ACN) and 
analytical grade chloroform (CHCl3) were purchased from SDS (Peypin, 
France). Water was produced in an in-house Milli-Q purification system 
(Millipore, Molsheim, France). Ammonium acetate, formic acid, and 
ammonium  fluoride were purchased from Sigma-Aldrich (Steinheim, 
Germany). Deuterated acetonitrile (CD3CN) was purchased from 
Eurisotop, and deuterated water (D2O) and 5-mm NMR tubes were 
purchased from Cortecnet (Viosins Le Bretonneux, France).  
Sample Collection. The liver of a single rat was used to avoid 
biological variability in the comparative analysis. The rat was 
anaesthetized using sodium pentobarbital and exsanguinated via the 
abdominal aorta. Next, the liver was removed, immediately frozen in 
liquid nitrogen and kept at −80 °C until further process.  
Metabolite Extraction Methods. Metabolites were extracted by 
using one of the following solvent combinations: MeOH/H2O (M/W) 
(1:1), ACN/H2O (A/W) (1:1), MeOH/CHCl3/H2O (M/C/W) (7:2:1), and 
ACN/CHCl3/H2O (A/C/W) (7:2:1) at three different temperatures: −20 °C, 
room temperature (RT) (25 °C), and 60 °C. The frozen liver was crushed 
in liquid N2, and the pulverized tissue was collected to generate 12 
aliquots of 100 mg. Two milliliters of each solvent system was added to 
the aliquots of liver tissue, and the mixture was further homogenized 
using a Teflon homogenizer (Black & Decker D-108-S1) for 1 min. 
Homogenization of the sample and extraction of metabolites using 
solvents at −20 °C and RT was performed on a water−ice bath to avoid 
overheating. Next, the sample was incubated 1 h at −20 °C, followed by a 
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15-min centrifugation at 4 °C and 13 000 rpm. The resultant supernatant 
was transferred to a separate vial, and the precipitate was extracted 
twice more following the same procedure, pooling together the 
supernatants to a final volume of ~6 mL.. Finally, the supernatant was 
evaporated to dryness under a stream of oxygen-free N2 and redissolved 
in 500 μL of deuterated acetonitrile and deuterated water (2:8).  
NMR Analysis. Redissolved samples in deuterated acetonitrile/water 
(2:8) were placed into 5 mm NMR tubes. 
1
H NMR spectra were recorded 
at 300 K on an Avance III 600 spectrometer (Bruker, Germany) operating 
at a proton frequency of 600.20 MHz using a 5 mm CPTCI triple 
resonance (
1
H, 
13
C, 
31
P) gradient cryoprobe. Given the high technical 
reproducibility of NMR, a single analysis was run for each sample. One-
dimensional 
1
H pulse experiments were carried out using the nuclear 
Overhauser effect spectroscopy (NOESY) presaturation sequence 
(RD−90°−t1−90°−tm−90° ACQ) to suppress the residual water peak, and 
the mixing time was set at 100 ms. Solvent presaturation with irradiaton 
power of 75 Hz was applied during recycling delay (RD = 5 s) and mixing 
time. The 90° pulse length was calibrated for each sample and varied 
from 6.57 to 6.99 ms. The spectral width was 12 kHz (20 ppm), and a 
total of 256 transients were collected into 64 k data points for each 
1
H 
spectrum. The exponential line-broadening applied before Fourier 
transformation was of 0.3 Hz. The frequency domain spectra were 
phased and baseline-corrected using TopSpin software (version 2.1, 
Bruker).  
HR-MAS Analysis. Frozen tissues samples (~15 mg) were  placed in 
an insert for a 4 mm o.d. ZrO2 rotor, limiting the rotor inner volume to 20 
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μL. The insert was filled with cooled D2O, sealed and subsequently 
inserted into the ZrO2 rotor. HR-MAS spectra were recorded on a Bruker 
Avance III 500 spectrometer operating at a proton frequency of 500.13 
MHz. The instrument was equipped with a 4 mm triple resonance (
1
H, 
13
C, 
31
P) gradient HR-MAS probe. A Bruker Cooling Unit (BCU-Xtreme) 
was used to keep the sample temperature at 4 °C. Samples conveniently 
prepared with D2O were spun at 4 kHz to keep the rotation sidebands 
out of the spectral region of interest. One-dimensional (1D) 
1
H spectra 
were acquired, adding 128 scans in 23 min, with a 7 kHz (14 ppm) 
spectral width and 8.0 s of relaxation delay to ensure full relaxation of 
magnetization between scans. A 
1
H HR-MAS spectra of low molecular 
weight metabolites was performed using the Carr Purcell Meiboom Gill 
sequence (cpmg spin.spin T2 relaxation filter) for identification purposes, 
with a total time filter of 171 ms that attenuated the macromolecule 
signals to a residual level. An additional 2-dimensional J-resolved 
spectrum (2D JRES) aided in the identification of multiplicity of the liver 
metabolite signals. 
LC-MS Analysis. Portions (100 μL) of each redissolved sample in 
deuterated acetonitrile/water (2:8) were placed into HPLC vials after 
NMR analysis. LC-MS analyses were performed using an HPLC system 
(1200 series, Agilent Technologies) coupled to a 6230 ESI-QTOF (Agilent 
Technologies) operated in positive (ESI+) or negative (ESI-) electrospray 
ionization mode. Vials containing extracted metabolites using one of the 
12 conditions described above were kept at 20 °C prior to LC-MS 
analysis. Each sample (i.e., vial) was run in triplicate. Metabolites were 
separated using a Waters XBridge column C18, 150 x 2.1 mm, 3.5 μm 
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(Waters, Ireland). When the instrument was operated in positive 
ionization mode, the solvent system was A1 = 0.1% formic acid in water 
and B1 = 0.1% formic acid in acetonitrile. When the instrument was 
operated in negative ionization mode, the solvent system was A2 = 1 
mM ammonium fluoride in water and B2 = acetonitrile.
23
 The linear 
gradient elution started at 100% A (time 0.3 min) and finished at 100% B 
(25.30 min). The injection volume was 10 uL. ESI conditions were gas 
temperature, 325 ºC; drying gas, 11 L min
-1
; nebulizer, 40 psig; 
fragmentor, 120 V; and skimmer, 65 V. The instrument was set to 
acquire over the m/z range 80-1200 with an acquisition rate of 1.2 
spectra/s. MS/MS was performed in targeted mode, and the instrument 
was set to acquire over the m/z range 50-1000, with a default iso width 
(the width half-maximum of the quadrupole mass bandpass used during 
MS/MS precursor isolation) of 4 m/z. The collision energy was fixed at 20 
V. 
Data Analysis. The acquired 
1
H NMR spectra were phased, baseline-
corrected, and referenced to the chemical shift of residual acetonitrile 
signal at 2.1 ppm. References of pure compounds from the metabolic 
profiling AMIX spectra database (Bruker), HMDB, and Chenomx 
databases were used for metabolite identification. In addition, we 
assigned metabolites by 
1
H-
1
H homonuclear correlation (COSY and 
TOCSY) and 
1
H-
13
C heteronuclear (HSQC) 2D NMR experiments and by 
correlation with pure compounds run inhouse, such as glucose, tyrosine, 
or creatinine, among others. After baseline correction, specific 
1
H NMR 
regions identified in the spectra were integrated for each extraction 
method entering the study using the AMIX 3.8 software package. Data 
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(pre-)processing, data analysis, and statistical calculations were 
performed in Matlab (Matlab version 6.5.1, Release 13).  LC-MS data 
from the liver extractions (ESI+ and ESI- modes) were processed by using 
the XCMS software
29
 (version 2.9.2) to detect and align features. 
Samples were run as triplicates, and only features consistently present in 
all three runs were considered for quantification. XCMS analysis of these 
data provided a matrix containing the retention time, m/z value, and 
intensity of each feature for every extraction method discussed above. 
 
RESULTS 
Influence of Extraction Method on the Analysis of Metabolites by 
NMR.  
The 12 different extraction protocols were assayed on the liver tissue 
obtained from the same rat (see Experimental Section). The selected 
protocols represent examples in which two fundamental conditions for 
metabolite solubility and stability are varied, such as solvent polarity and 
temperature. Each data set was scaled to unit variance and projected 
using an unsupervised principal component analysis (PCA) to show 
similarities in the data, and the resulting scores and loadings were 
visualized in a score-loading plot (biplot) (Figure 1).  
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Figure 1. Biplot of NMR data. The biplot is a scatter plot that graphically displays 
loadings and scores from the principal component analysis (PCA) of the NMR data. It 
displays scores on the 12 extraction conditions and loading on the metabolites 
identified by NMR. The biplot shows that solvent combination (color code) has a 
greater effect in the extraction of metabolites than solvent temperature (shape code). 
M/W and M/C/W showed the best extraction yields for the 30 metabolites identified at 
three different temperatures: −20 °C, room temperature (RT) (25 °C), and 60 °C. M:W = 
MeOH/H2O; M:C:W = MeOH/CHCl3/H2O; A:W = ACN/H2O, and A:C:W = 
ACN/CHCl3/H2O. 
Similar methods are near each other, and dissimilar methods are 
farther apart from each other. The biplot explains 81.7% of the total 
variance in the data and shows that the type of solvent (color code) used 
during the extraction of metabolites has a greater effect in the extraction 
efficiency than solvent temperature (shape code). The M/W protocol 
followed by M/C/W turned out to be the most efficient extraction 
protocols used in this study. The M/W protocol, in addition, appeared 
slightly less variable to temperature than M/C/W. In contrast, A/C/W 
proved to be the least efficient in extracting metabolites. To investigate 
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in detail the influence of the extraction protocol on the concentration of 
metabolites by NMR, we examined the concentration of 30 specific 
metabolites identified in liver as displayed in Figure 2. Metabolites 
characterized by different polarities and chemical functional groups were 
extracted with different efficiencies according to the method used.  
 
Figure 2. Quantification of 30 metabolites extracted from liver using 12 different 
methods and analyzed using 
1
H NMR. The concentration (mM) scale of the X axis is log 
2. 
Among the endogenous metabolites characterized by using NMR-
based metabolomics, we show in Figure 2 important primary metabolites 
of central metabolism, such as fumaric acid, lactic acid, 3-
hydroxybutyrate, pyruvic acid, or taurine, as well as amino acids, 
cofactors, or glucose, among others. In addition to low-molecular-weight 
metabolites, another interesting capability of NMR for metabolomic 
studies is the detection of glycogen, a glucose-based polymer that serves 
as the secondary long-term energy storage in animals. Overall, when 
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chloroform is used as the extraction solvent in protocols M/C/W and 
A/C/W, temperature produces higher variability in the extraction 
efficiency of metabolites. This effect can be explained by the low boiling 
point of chloroform in the mixture. Importantly, from comparing HR-
MAS and extraction methods for NMR from liver tissue, we conclude 
that resolution of liquid NMR and HR-MAS is similar for many aqueous 
metabolites. However, we detected a larger number of metabolites 
using extracted samples. Figure 3 shows enhanced detection of aqueous 
compounds by using the extraction method for NMR compared with HR-
MAS of the same liver tissue. 
 
Figure 3. Top: NMR spectrum of liver extraction.  Bottom: HRMAS spectrum from intact 
liver tissue. 
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LC-MS Analysis of Extracted Metabolites Reconstituted in Deuterated 
Solvents. 
Direct LC-MS analysis of extracted metabolites reconstituted in 
deuterated solutions with no need to exchange the solvent would 
greatly facilitate the integration of NMR and MS technologies in 
metabolomics. However, the use of polar deuterated solvents can induce 
chemical exchange of acidic 
1
H in metabolite structures for 2D in 
solution, which would seriously hamper the identification of such 
metabolites by using accurate mass information. To explore this issue, 
we performed LC-MS analysis of pure standard compounds and 
metabolites extracted from liver tissue reconstituted in either water 
(H2O) or deuterated water (D2O). Our results in Figure 4 indicate that 
neither the number nor the abundance of features from the liver extract 
differ when the samples are reconstituted in H2O or D2O (Figure 4A). The 
isotopic distribution of phenylalanine, tryptophan, and LysoPC (16:0) 
identified by MS/MS in the liver extract prove the absence of deuterium 
exchange during the LC-MS analysis (Figure 4B). The same phenomenon 
was observed using pure standard compounds containing amine groups 
(data not shown). Therefore, the requirement of deuterated solvents for 
NMR measurements does not prevent further analysis of the same 
extracted metabolites by LC-MS. Accordingly, all extractions previously 
analyzed using NMR were run in triplicate under the same LC-MS 
conditions (see Experimental Section). Thousands of features (unique 
m/z with a specific retention time) were detected, which translated into 
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300-700 [M - H]+ hits in METLIN database with an error of <5 ppm, 
depending on the extraction method used (Table 1).  
Extraction 
Solvent 
# Features > 
5000 counts 
Hits METLIN [MH
+
] < 
5ppm 
% Hits 
METLN 
A/W rt 2603 382 15% 
A/W-20 °C 4647 695 15% 
A/W60 °C 3517 546 16% 
A/C/W rt 1365 301 22% 
A/C/W-20 °C 3967 524 13% 
A/C/W60 °C 2075 444 21% 
M/W rt 1900 418 22% 
M/W-20 °C 2371 493 21% 
M/W60 °C 2303 433 19% 
M/C/W rt 2048 532 26% 
M/C/W-20 °C 2642 536 20% 
M/C/W60 °C 1970 508 26% 
Table 1. Number of features and hits in METLIN  database for each extraction method 
To illustrate the complementarity of LC-MS, we identified 
metabolites present at low concentrations that are not detectable by 
NMR. An unsupervised PCA analysis was conducted by scaling to unit 
variance the intensities of 22 selected metabolites identified by MS/MS 
data, and the resulting scores and loadings are visualized in Figure 5.  
The biplot (Figure 5) covers 72.6% of the total variance and shows 
the dispersion of the extraction protocols and metabolite abundances 
according to their extraction efficiencies. The clustering of the LC-MS 
data confirms the NMR results displayed in Figure 1, showing that the 
main cause of variation in the extraction efficiency of metabolites is 
attributed to the combination of solvents (color code) rather than the 
temperature of these (shape code).  
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Figure 4. (A) Scatter plot representing the area of each feature from the XCMS matrix of 
LC-MS data of liver samples reconstituted in H2O and D2O. A correlation coefficient (R2) 
of 0.997 indicates a high linear regression, which demonstrates insignificant differences 
between the number and abundance of features detected in liver extracts 
reconstituted in H2O and D2O. (B) Mass spectra of phenylalanine, tryptophan, and 
LysoPC (16:0) reconstituted in D2O (top) and H2O (bottom). Labile hydrogens are 
marked in red. Mass spectra show that the isotopic distributions of the compounds are 
not altered by D2O, indicating either poor exchange of acidic 
1
H for 2D in solution or 
quick back-exchange of labile 2D in aqueous LC-MS buffers due to a total solvent 
accessibility of small molecule structures. 
Again, methods containing methanol proved to be more efficient for 
metabolite extraction than those containing acetonitrile. For example, 
important cofactors such as coenzyme A (CoA); acetyl-CoA; propyonil-
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CoA; malonil-CoA; and key oxidizing and reducing agents such as NAD+, 
NADH, and FAD were extracted more efficiently using M/C/W, whereas 
hypoxanthine, spermidine, and guanidine were more efficiently 
extracted with M/W. Overall, we interpret our results in decreasing 
order of efficiency in extracting metabolites and complementarity of 
NMR and MS analysis as follows: M/C/W > M/W > A/W > A/C/W. 
 
Figure 5. Biplot of LC-MS data. The biplot displays scores on the 12 extraction 
conditions and loading on the metabolites identified by MS/MS. Solvent combination 
(color code) has a greater effect in the extraction of metabolites than solvent 
temperature (shape code). M:W and M:C:W showed the best extraction yields for the 
23 metabolites identified; however, important cofactors, such as coenzyme A (CoA); 
acetyl-CoA; propyonil-CoA; malonil-CoA; and key oxidizing and reducing agents, such as 
NAD+, NADH, and FAD, were extracted more efficiently using M:C:W. M:W = 
MeOH/H2O; M:C:W = MeOH/CHCl3/H2O; A:W = ACN/H2O, and A:C:W = ACN/ 
CHCl3/H2O at three different temperatures: −20 °C, room emperature, (RT) (25 °C), and 
60 °C. 
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Reproducibility of the extraction method. 
Finally, we assessed the reproducibility of the M/C/W protocol, the 
topranked method in our study. Technical variation arises mainly from 
sampling, metabolite extraction, and variability of the instrumental 
platform. Here, variation from sampling was diminished by using a single 
crushed liver tissue aliquoted into 12 fractions of 100 mg. To nearly 
eliminate instrumental variability, we used NMR measurements, since, 
from in-house experience, the coefficient of variation (% CV) from four 
consecutive NMR measurements of the same liver extract (i.e., 
repeatability) and four measurements of the same extract in four 
different days (i.e., reproducibility) plus manual metabolite fitting is <1% 
and <2%, respectively. In contrast, the repeatability of our LC-MS 
measurements is much higher, 15-20%, as previously reported by other 
groups.
30-32
 Therefore, by using NMR, we ensured that the total 
variability could be principally attributed to the reproducibility of the 
extraction process. Metabolite extractions were then run in triplicate 
using the M/C/W protocol at -20 ºC, room temperature and 60 ºC. The 
percent CV of 30 metabolites shown in Figure 6 indicates that 
metabolites are extracted with high reproducibility showing a median CV 
of 13.8% at .20 ºC, 12.8% at RT, and 14.2% at 60 ºC. With the exception 
of glycogen, multiphosphorylated nucleotides and ascorbic acid 
(discussed below), the temperature of the solvent has a minor effect on 
the variability of the extraction. This variation is slightly higher than the 
average variability of 7% CV in HR-MAS that we elucidated by measuring 
the same liver tissue five times. 
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Figure 6. Coefficient of variation for metabolites extracted using the M/C/W protocol at 
−20 °C, room temperature, and 60 °C. Metabolite extractions were then run in 
triplicate at each temperature, and data points represent the percent CV of metabolite 
concentration analyzed using 1H NMR. Mean CV at −20 °C is 13.8%, 12.8% at RT, and 
14.2% at 60 °C. 
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DISCUSSION 
The distinctive physicochemical properties measured by NMR and 
LC-MS make these two technologies highly complementary for 
metabolomic studies. Thus, the current study aimed to explore optimal 
and complementary extraction conditions for NMR and LC-MS analysis 
since, to the best of our knowledge, this has been an unexplored issue in 
metabolomics. Importantly, our experimental design was conditioned by 
the self-imposed requirement that NMR could analyze extracted 
metabolites first and the same mixture analyzed by LC-MS afterward 
with no need for solvent exchange. The major limitation of this approach 
could arise from the use of deuterated solvents for NMR measurements, 
since incorporation of 2D into labile 
1
H positions of metabolites could 
impede the correct identification of these compounds by MS. However, 
the analysis by LC-MS of the liver extract dissolved in D2O proved to be 
satisfactory, and we did not observe deuterium exchange in either the 
LC-MS features or the standard metabolites interrogated. We therefore 
interpret these results such that the interaction of the chromatographic 
mobile phase with the injected sample (dissolved in D2O) results in a 
complete and quick reversion (i.e., back-exchange) of labile 2D positions 
back to 
1
H in the presence of aqueous buffers since, unlike proteins, 
metabolite structures are totally solvent-exposed. Therefore, to assess 
metabolite extraction efficiencies, we used four solvent compositions 
and three temperatures. The solvents used were combinations of 
methanol, acetonitrile, water, and chloroform. On the basis of previous 
study by Zhang et al.,
33
 the percentage of chloroform in the extraction 
solvent was set at 20% to avoid phase separation. We avoided 
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metabolite extraction conditions typically used for LC-MS based 
metabolomics characterized by extreme pH or high salt content, given 
the susceptibility of NMR measurements to the ionic strength and pH of 
a solution that may result in signal shifting, peak broadening, lower 
reproducibility and difficulties in instrument acquisition. Solvent 
temperatures were selected on the basis of the effect that temperature 
has in the solubility of metabolites. Finally, we used liver as a model 
tissue because this organ plays a major role in metabolism, regulating a 
wide variety of biochemical reactions, including the synthesis of amino 
acids, glucose, and lipids and the breakdown of glycogen and toxic 
substances. Consequently, such chemical and structural diversity of 
metabolites makes this tissue very attractive for the aim of the study. 
The liver is also prone to common diseases, such as hepatitis, alcohol 
damage, fatty liver, cirrhosis, cancer, or drug damage, and given its role 
in glucose homeostasis, the liver may cause or contribute to diabetes 
mellitus. The results of our study showed that the choice of solvents 
largely determined extraction efficiencies, and extraction methods based 
on methanol/chloroform/water (7/2/1) and methanol/water (1/1) best 
showed the complementarity of NMR and LC-MS in metabolomics, 
providing high extraction yields and minimal repetition of metabolites 
between platforms. In contrast, the temperature of the solvent mixture 
had a very minor effect, with few exceptions discussed below. In this 
context, it is important to note the consistency of our results between 
the two analytical platforms used to evaluate the data. Our results are in 
agreement with Geier et al., 
34
 who observed that the choice of solvent 
had more influence than any other consideration tested, such as the 
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tissue disruption method. In our study, metabolites difficult to detect 
using untargeted reverse-phase LC-MS, such as glucose, cholesterol, 
ascorbic acid, pyruvic acid, or lactic acid, were easily analyzed using 
NMR. One remarkable example is glycogen, a polymer whose function as 
a glucose reservoir makes its reliable quantification particularly 
important in diseases such as diabetes. Because of its polymeric nature, 
glycogen cannot be ionized by MS, whereas its quantification by NMR is 
relatively simple. It is worth mentioning, however, the high extraction 
variability of glycogen, particularly at high temperatures, which we 
attribute to its extremely labile nature and its heterogenic distribution 
across the liver.
35
 We also noticed that elevated temperature has a 
detrimental effect on the detection of multiphosphorylated species, such 
as ATP and UTP, and chemically active and unstable compounds, such as 
ascorbic acid, which we attribute to their degradation and oxidation, 
respectively. Nevertheless, the median CV of 13% for 30 extracted 
metabolites quantified by NMR is comparable to HR-MAS measurements 
of intact liver tissue. Given the small dimensions of MAS rotors, technical 
variability in HR-MAS is also predominantly influenced by sample 
preparation. Blaise et al.
36
 estimated a maximum variance of 21% for 
rotor filling by comparing MAS rotors lightly vs heavily loaded. In 
addition, we estimated that the technical variability as a result of 
instrument shimming for HR-MAS was 7% CV, which is in accordance 
with the variation of 5-10% reported by Blaise et al.
36
 This variability 
could be explained by the manual manipulation of the rotor and by the 
possible degradation or metabolic transformation of metabolites. 
Altogether, we recognize the utility of HR-MAS for targeted applications 
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in metabolomics; however, when attempting large sample batches in 
real metabolomic studies for biomarker discovery, we consider that 
sample handling and instrument shimming 
37
 for HR-MAS is labor-
intensive and extremely time-consuming compared with NMR analysis 
from liquid extracts that enable complete automation. Our results also 
highlight another interesting feature of methanol-containing methods in 
that protein removal is more effective than those containing acetonitrile, 
as revealed by the reduced number and intensity of multiply charge 
species attributed to large peptides and proteins in the mass spectra. 
This is interesting, since the presence of proteins in the sample can 
suppress the signal of metabolites eluting at similar retention times and 
hamper the chromatographic performance. This result is in concordance 
with Want et al.
38
 who reported that methanol-based extraction 
methodologies efficiently precipitate proteins from serum. In contrast, 
Rabinowitz and colleagues seem to have a preference for acidic 
acetonitrile as extraction solvent for metabolomics.
39
 In our study, 
however, the use of acidic conditions was avoided, given the 
susceptibility of NMR measurements, which may result in signal shifting, 
peak-broadening, and lower reproducibility. In summary, since our 
results prove that deuterated solvents used for NMR have essentially no 
effect on the MS data, the exploration of compatible extraction 
procedures for both NMR and MS-based analyses opens up new 
opportunities to expand coverage of the metabolome by implementing 
multiplatform approaches based on NMR and MS. Yet, we acknowledge 
that the difficulty of establishing the “best extraction procedure” for 
global metabolomics will remain in the field. 
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2.1.2 A Guideline to Univariate Statistical Analysis for LC-MS-
Based Untargeted Metabolomics-Derived Data 
 
SUMMARY 
Several metabolomic software programs provide methods for peak 
picking, retention time alignment and quantification of metabolite 
features in LC-MS-based metabolomics. Statistical analysis, however, is 
needed in order to discover those features significantly altered between 
samples. By comparing the retention time and MS/MS data of a model 
compound to that from the altered feature of interest in the research 
sample, metabolites can be then unequivocally identified. This paper 
reports on a comprehensive overview of a workflow for statistical 
analysis to rank relevant metabolite features that will be selected for 
further MS/MS experiments. We focus on univariate data analysis 
applied in parallel on all detected features. Characteristics and 
challenges of this analysis are discussed and illustrated using four 
different real LC-MS untargeted metabolomic datasets. We demonstrate 
the influence of considering or violating mathematical assumptions on 
which univariate statistical test rely, using high-dimensional LC-MS 
datasets. Issues in data analysis such as determination of sample size, 
analytical variation, assumption of normalityand homocedasticity, or 
correction for multiple testing are discussed and illustrated in the 
context of our four untargeted LC-MS working examples. 
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1. Introduction 
The comprehensive detection and quantification of metabolites in 
biological systems, coined as ‘metabolomics’, offers a new approach to 
interrogate mechanistic biochemistry related to natural processes such 
as health and disease. Recent developments in MS and NMR have been 
crucial to facilitate the global analysis of metabolites. The examination of 
metabolites, however, commonly follows two strategies: (i) targeted 
metabolomics, driven by a specific biochemical question or hypothesis in 
which a set of metabolites related to one or more pathways are defined, 
or (ii) untargeted metabolomics, driven by an unbiased approach (i.e., 
nonhypothesis) in which as many metabolites as possible are measured 
and compared between samples [1]. The latter is comprehensive in 
scope and outputs complex data sets, particularly by using LC-MS-based 
methods. Thousands of so called metabolite features (i.e., peaks 
corresponding to individual ions with a unique mass-to-charge ratio and 
a unique retention time or mzRT features from now on, can be routinely 
detected in biological samples. In addition, each mzRT feature in the 
dataset is associated with an intensity value (or area under the peak), 
which indicates its relative abundance in the sample. Overall, this 
complexity imposes the implementation of metabolomic softwares such 
as XCMS [2], MZmine [3] or Metalign [4] that can provide automatic 
methods for peak picking, retention time alignment to correct 
experimental drifts in instrumentation, and relative quantification. As a 
result, the identification of mzRT features that are differentially altered 
between sample groups has become a relatively automated process. 
However, the identification and quantization of a “metabolite feature” 
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does not necessary translate into a metabolite entity. LC-MS 
metabolomic data presents high redundancy because of the recurrent 
detection of adducts (Na+, K+, NH3, etc), isotopes, or doubly charged 
ions that greatly inflate the number of detected peaks. Several recently 
launched open-source algorithms such as CAMERA [5] or AStream [6], 
and commercially available software such as Mass Hunter (Agilent 
Technologies) or Sieve (Thermo Scientific), are capable of filtering 
redundancy by annotating isotopes and adduct peaks, and the resulting 
accurate compound mass (i.e., molecular ion) can be searched in 
metabolite databases such as METLIN, HMDB or KEGG. Database 
matching represents only a putative metabolite assignment that must be 
confirmed by comparing the retention time and/or MS/MS data of a 
model pure compound to that from the feature of interest in the 
research sample. These additional analyses are time consuming and 
represent the rate-limiting step of the untargeted metabolomic 
workflow. Consequently, it is essential to prioritize the list of mzRT 
features from the raw data that will be subsequently identified by RT 
and/or MS/MS comparison. Relevant mzRT features for MS/MS 
identification are typically selected based on statistics criteria, either by 
multivariate data analysis or multiple independent univariate tests. 
The intrinsic nature of biological processes and LC-MS-derived 
datasets is undoubtedly multivariatesince it involves observation and 
analysis of more than one variable at a time. Consequently, the majority 
of metabolomics studies make use of multivariate models to report their 
main findings. Despite the conferred utility, powerfulness and versatility 
of multivariate models, their performance might be fraught by the high-
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dimensionality of such datasets due to the so-called ‘curse of 
dimensionality’ problem. Curse of dimensionality arises when datasets 
contain too much sparse data in terms of the number of input variables. 
This causes, in a given sample size, a maximum number of variables 
above which the performance of our multivariate model will degrade 
rather than improve. Hence, attempting to make the model conform too 
closely to this data (i.e., considering too many variables in our 
multivariate model) can introduce substantial errors and reduce its 
predictive power (i.e., overfitting). Therefore, using multivariate models 
require intensive validation work. Overall, multivariate data analysis is 
far from the scope of this paper and excellent reviews on multivariate 
tools for metabolomics can be found elsewhere [7,8]. On the other hand, 
data analysis can also be approached from a univariate perspective using 
traditional statistical methods that consider only one variable at a time 
[9]. The implementation of multivariate and univariate data analysis is 
not mutually exclusive and in fact, we strongly recommend their 
combined use to maximize the extraction of relevant information from 
metabolomic datasets [10,11]. Univariate methods are sometimes used 
in combination with multivariate models as a filter to retain those 
potentially “information-rich” mzRT features [12]. Then, the number of 
mzRT features considered in the multivariate model is significantly 
reduced down to those showing statistical significance in previous 
univariate tests (e.g., p-value < 0.05). On the other hand, there are 
multiple reported metabolomics works using univariate tests applied in 
parallel across all the detected mzRT features to report their main 
findings. It should be note that this approach overlooks correlations 
UNIVERSITAT ROVIRA I VIRGILI 
MASS SPECTROMETRY AND NUCLEAR MAGNETIC RESONANCE BASED METABOLOMICS APPLIED TO THE STUDY OF POLYCYSTIC OVARY SYNDROME 
Sara Samino Gené 
Dipòsit Legal: T.63-2014 
 
Results 
85 
within mzRT features and therefore information about correlated trends 
is not retained. In addition, applying multiple univariate tests in parallel 
to multivariate datasets involves the acceptance of mathematical pre-
requisites and certain consequences such as the particular distributions 
of variables (e.g., normality) and increased risk of false positive results, 
respectively. Many researchers often ignore these issues when analyzing 
untargeted metabolomic datasets using univariate methods, which 
eventually can compromise their results. 
This paper aims to investigate the impact of univariate statistical 
issues on LC-MS-based metabolomic experiments, particularly in small, 
focused studies (e.g., small clinical trials or animal studies). To this end, 
here we explore the nature of four real and independent datasets, 
evaluate the challenges and limitations of executing multiple univariate 
tests and illustrate available shortcuts. Note that we do not aim at 
writing a conventional statistical paper. Instead, our goal is to offer a 
practical guide with resources to overcome the challenges of multiple 
univariate analysis for untargeted metabolomic data. All methods 
described in this paper are based on scripts programmed either in 
MATLAB™ (Mathworks, Natick, MA) or R [13]. 
 
2. Properties of LC-MS Untargeted Datasets: High-Dimensional and 
Multicolinear 
Basic information about the four real untargeted metabolomics LC-
MS-based working examples is summarized in Table 1. These examples 
do not resemble ideal datasets described in basic statistical textbooks, 
and illustrates the challenges of real-life metabolomic experiments. 
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Working examples constitute retinas, serum and neuronal cell cultures 
under different experimental conditions (e.g., KO vs. WT; normoxia vs. 
hypoxia; treated vs. untreated) analyzed by LC-qTOF MS. Data were 
processed using the XCMS software to detect and align features, and 
thousands of features were generated from these biological samples. 
Each mzRT feature corresponds to a detected ion with a unique mass-
tocharge ratio, retention time and raw intensity (or area). For example, 
each sample in example #3 exists in a space defined by 9877 variables or 
mzRT features. The four examples illustrate the high-dimensionality of 
untargeted LC-MS datasets in which the number of features or variables 
largely exceeds the number of samples. The rather limited number of 
individuals or samples per group is a common trait of metabolomic 
studies devoted to understand cellular metabolism [14-16]. When 
working with animal models of disease, for instance, this limitation is 
typically imposed by ethical and economical restrictions. 
 
Table 1. Summary of working examples obtained from LC-MS untargeted metabolomic 
experiments. Further experimental details and methods can be obtained from 
references.(KO=Knock-Out; WT=Wild-Type) 
 
Additionally, a second attribute of untargeted LC-MS metabolomic 
datasets is that they enclose multiple correlations among mzRT features 
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(i.e., multicollinearity) [19]. Each metabolite produces more than one 
mzRT feature that result from isotopic distributions, potential adducts, 
and in-source fragmentation. Moreover, the evident biochemical 
interrelation among metabolites may also contribute to the 
multicollinearity. Namely, many metabolites participate in inter-
connected enzymatic reactions and pathways (e.g., substrate and 
product; cofactors) and regulate enzymatic reactions (e.g., feed-back 
inhibition). Altogether, untargeted LC-MS metabolomics datasets are 
highly-dimensional and multicorrelated. 
 
3. Sample Size Calculation in LC-MS Untargeted Metabolomics 
Studies 
The number of subjects per group (i.e., sample size) is an important 
aspect to be determined during the experimental design of the study. A 
low sample size may lead to a lack of precision, which may fail to provide 
reliable clues about the biological question under investigation. In 
contrast, an unnecessarily high sample size may lead to a waste of 
resources for minimal information gain. Thus it is not surprising that 
funding agencies require power/sample size calculations in their grant 
proposals. However, choosing the appropriate sample size for high-
throughput approaches involving multivariate data is complicated. 
According to Hendriks et al. [8], there is currently nothing available for a 
priorisample size estimation of highly collinear multivariate data. 
Traditional univariate sample size determination is based in the 
concept of power analysis. Power, or the sensitivity of the test, is defined 
as 1-β, being β the chance of a false negative or Type II error in 
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hypothesis testing. A Type II error is produced when a variable is claimed 
to not be significant when in fact it is. Therefore, power can be defined 
as the probability of a statistical test to allow detection of significant 
differences above a certain confidence. Classical power analysis to 
determine minimum sample size for a given variable (i.e., metabolite) 
requires the estimation of population means and standard deviations 
and effect sizes. However, for high-dimensional data such estimates 
need to be redefined. Average power is used instead of power, 
significance level needs to take multiple testing into account and both 
effect sizes and variances take multiple values. Ferreira et al. [20,21] 
extended the concept of power analysis to high-dimensional data using 
univariate approaches in combination with multiple testing corrections. 
They used the entire set of test statistics from microarray pilot data to 
estimate the effect size distribution, power and minimal sample size. 
This method have been recently generalized and adapted by van Iterson 
et al. [22] as a part of the BioConductor package SSPA. Recall that using 
this method, data is treated as a set of multiple univariate responses and 
correlations between variables are ignored. On the other hand, this 
method was designed to guide experimental design decisions based on 
previously acquired pilot data. However, how realistic is to perform a 
pilot untargeted metabolomics study to determine minimum sample 
size? In practice, ethical and economical restrictions mainly determine 
the number of samples (i.e., animals) for each group. 
Although we recognize the limitations and controversy of post-hoc 
power analysis, for illustrative purposes we used SSPA to estimate effect 
sizes and perform power calculations of our untargeted metabolomics 
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data. Figure 1A show a comparison of example #2 and example #4 
estimated power values considering up to 30 samples per group. 
Considering example #2, a 70% power to detect hypoxia-induced 
metabolic differences was obtained with 10 retinas per groups. This 
power was associated with a markedly bimodal density of effects sizes 
(Figure 1B) indicating significant hypoxiainduced metabolic variation. The 
density of effects sizes describes the effects observed in the data. 
Usually, a bimodal density is observed when the studied effect induces 
significant differences. In contrast, even considering up to 30 samples 
per group we end-up with low power to detect Koinduced differences in 
example#4 (Figure 1C). This indicates that KO-induced effects are 
scarcely reflected in our metabolomics data as represented by its 
unimodal densities of effects sizes Accordingly, we would estimate a 
minimum of ten samples per group (n = 10) as the easiest way to boost 
the statistical power of univariate statistical tests when true metabolic 
differences exist between two groups (e.g., example #2 comparing 
normoxia vs. hypoxia). This post-hoc calculation of the statistical power 
and sample size could be taken as a rough estimation for follow-up 
validation studies using QqQ instrumentation. 
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Figure 1. (A) Power curves for example #2 (∆) and example #4 () with sample size on 
the x-axis and estimated power using 5% FDR on the y-axis. Estimated densities of 
effect sizes for example #4 (B) and example #2 (C) with the standardized effect size on 
x-axis and estimated densities on the y-axis. Bimodal densities as in example #2 reflect 
more pronounced effects. 
 
4. Handling Analytical Variation 
The first issue that must be resolved before considering any 
univariate statistical test on LC-MS untargeted metabolomic data is 
analytical variation. Most common sources of analytical variation in LC-
MS experiments are due to sample preparation, instrumental drifts 
caused by chromatographic columns and MS detectors, and errors 
caused in data processing [23].  
The ideal method to examine analytical variation is to analyze QC 
samples, which will provide robust quality assurance of each detected 
mzRT feature [24]. To this end, QC samples should be prepared by 
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pooling aliquots of each individual sample and analyze them periodically 
throughout the sample work list. The performance of the analytical 
platform for each detected mzRT feature in real samples can be assessed 
by calculating the relative standard deviation of these features on 
pooled samples (CVQC) according to formula Equation (1), where S and X 
are respectively the standard deviation and the mean of each individual 
feature detected across the QC samples: 
(1) 
Likewise, the relative standard deviation of these features on study 
samples (CVT) can be defined according to formula Equation (2), where S 
and X are the standard deviation and mean respectively calculated for 
each mzRT feature across all study samples in the dataset. 
(2) 
The variation of QC samples around their mean (CVQC) is expected 
to be low since they are replicates of the same pooled samples. 
Therefore Dunn et al. [24] have established a quality criteria by which 
any peak that presents a CVQC > 20% is removed from the dataset and 
thus ignored in subsequent univariate data analyses. Red and green 
spots in Figure 2 illustrate the CVT and CVQC frequencies distributions 
respectively for example #3 in which QC samples were measured. As 
expected, the highest percentage of mzRT features detected across QC 
samples present the lowest variation in terms of CVQC (green line). 
Conversely, the highest percentage of the mzRT features detected across 
the study samples holds the highest variation in terms of CVT (red line). 
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Notice that the intersection of red and green lines is produced around 
the threshold proposed by Dunn et al. [24]. Additionally, other studies 
performed on cerebrospinal fluid, serum or liver QC extracts also 
reported around 20% of CV on experimental replicates [25,26]. 
On the other hand, it is common that the nature of some biological 
samples and their limited availability complicates the analysis of QC 
samples. This was the case of mouse retinas in examples #1 and #2. 
Under these circumstances, there are not consensus standard criteria on 
how to handle analytical variation. We partially circumvent this issue 
using the following argument/ Provided that the total variation of a 
metabolite feature (CVT) can be expressed as a sum of biological 
variation (CVB) and analytical variation (CVA) according to Equation (3), 
computed CVT should be at minimum larger than 20% (the most 
accepted analytical variation threshold) for a metabolite feature to 
comprise biological variation.  
(3) 
Therefore, when QC samples are not available we propose as rule of 
thumb to discard those features showing CVT < 20% since biological 
variation is bellow analytical variation threshold. Figure 2 shows the 
frequency distribution of CVT for working examples #1,2 and #4 where 
QC samples were not available. According to our criteria, those mzRT 
features to the left of the threshold will hold more analytical than 
biological variation and should be conveniently removed from further 
statistical analysis. This surely results in a too broad criterion since it 
assumes that the analytical variation of all metabolites is similar, which is 
of course not accurate given that instrumental drifts do not affect all 
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metabolites evenly. It should be beard in mind, however, that tightly 
regulated metabolites presenting low variation such as glucose will likely 
be missed according to a 20% CVT cut-off criterion. Of mention, example 
#2 and example #4 show the higher and lower percentage of mzRT 
features with more than 50% CVT respectively. Therefore, there is more 
intrinsic variation in example #2 than in example#4. Whether such 
variation relates to the phenomena under study remain to be 
ascertained using hypothesis testing. 
 
 
Figure 2. Comparison for our four working examples of the mzRT relative standard 
deviation (CV) frequency distributions calculated either across all the samples (CVT) or 
across QC samples (CVQC). Grey spots represent CVT for examples #1(), #2 (Δ) and #4 
() respectively. Green and red circles represent CVQC and CVT respectively for 
example #3. Blue line represents 20% CVT cut-off threshold established when QC 
samples are not available. 
 
5. Hypothesis Testing 
Untargeted metabolomics studies focused in this paper are aimed at 
the  discovery of those metabolites that are varied between two 
UNIVERSITAT ROVIRA I VIRGILI 
MASS SPECTROMETRY AND NUCLEAR MAGNETIC RESONANCE BASED METABOLOMICS APPLIED TO THE STUDY OF POLYCYSTIC OVARY SYNDROME 
Sara Samino Gené 
Dipòsit Legal: T.63-2014 
 
Results 
94  
populations (i.e., KO vs WT in examples #1 and 4 or treated vs untreated 
in example #3). In this sort of studies, random sample data from the 
populations to be compared are obtained in form of mzRT features 
dataset. Then, we calculate a statistic value (usually mean or median) 
and use statistical inference to determine whether the observed 
differences in the median or mean of the two populations are due to the 
phenomena under study or to randomness. Statistical inference is the 
process of drawing statements or conclusions about a populations based 
on sample data in a way that the risk of error of such conclusions is 
specified. These conclusions are based on probabilities arisen from 
evidences given by sample data [27]. 
To characterize those varied mzRT features, data sets are usually 
specified via hypothesis testing. Conventionally, we first postulate a null 
difference between the means/median of metabolic features detected in 
the populations under study by setting a null hypothesis (H0). Then, we 
specify the probability threshold for this null hypothesis to be rejected 
when in fact it is true. This threshold of probability called αis frequently 
set-up at 5% and it can be though as the probability of a false positive 
result or Type I error. Then, we use hypothesis testing to calculate the 
probability (p-value) of null hypothesis rejection. Whenever this p-value 
is bellow to this pre-defined threshold of probability (α), we reject the 
null hypothesis. On the other hand, when calculated p-values are larger 
than αwe do not have enough evidence to reject this hypothesis and we 
fail to reject it. Note that null hypothesis can never be proven, instead 
null hypothesis is either rejected or failed to reject. Conceptually, the 
failure to reject the null hypothesis (failure to find difference between 
UNIVERSITAT ROVIRA I VIRGILI 
MASS SPECTROMETRY AND NUCLEAR MAGNETIC RESONANCE BASED METABOLOMICS APPLIED TO THE STUDY OF POLYCYSTIC OVARY SYNDROME 
Sara Samino Gené 
Dipòsit Legal: T.63-2014 
 
Results 
95 
the means) does not directly translate in to accept or prove it (showing 
that there is no difference in reality). 
A wide variety of univariate statistical tests to compare mean or 
medians are available. For a nonstatistician it can be daunting to figure 
out which one is most appropriate to implement with an untargeted 
metabolomic design and dataset. Helpful guidelines in basic statistics 
books can be consulted [27,28]. As summarized in Table 2, two 
important considerations should be taken in to account when deciding 
for a particular test. First one is the experimental design and second one 
data distribution. 
 
Table 2. Best suited statistical tests for datasets following normal distribution or far 
from the normal curve according to their experimental design 
 
Experimental design will depend on experimental conditions 
considered when the metabolomics study is designed. Once the 
experimental design is fixed, population distribution determines the type 
of the test. Depending on this distribution, there are essentially two 
families of tests/ parametric and nonparametric. Parametric tests are 
based on the assumption that data are sampled  from a Gaussian or 
normal distribution. Tests that do not make assumptions about the 
population distribution are referred as to non-parametric tests. Selection 
of parametric or non-parametric tests is not as clear-cut as might be a 
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priori though. Next section deals with the calculations necessary to guide 
such decision and exemplifies these calculations with our four working 
examples. 
 
6. Deciding between Parametric or Non-Parametric Tests 
6.1. Normality, Homogeneity of Variances and Independence 
Assumptions 
Deciding between parametric and non-parametric tests should be 
based on three assumptions that should be checked/ normality, 
homogeneity of variances (i.e., homocedasticity) and independence. 
Nevertheless, some of these assumptions rely on very theoretical 
mathematical constructs hardly ever met by real-life datasets obtained 
from metabolomics experiments. 
Normality is assumed in parametric statistical tests such as t-test or 
ANOVA. Normal distributed populations are those presenting classical 
bell-shape curves to illustrate their probability density function. The 
frequency distribution of a normal population is a symmetric histogram 
with most of thefrequency counts bunched in the middle and equally 
likely positive and negative deviations from this central value. The 
frequencies of these deviations fall off quickly as we move further away 
from this central point corresponding to the mean. Data sampled from 
normal populations can be fully characterized by just two parameters/ 
the mean (x) and the standard deviation (σ). Normality assumption can 
be evaluated either statistically or graphically. We propose two tests to 
statistically evaluate normality/ Shapiro-Wilk and Kolmogorov-Smirnov, 
the former better behaved in the case of small samples sizes (i.e., N < 50) 
UNIVERSITAT ROVIRA I VIRGILI 
MASS SPECTROMETRY AND NUCLEAR MAGNETIC RESONANCE BASED METABOLOMICS APPLIED TO THE STUDY OF POLYCYSTIC OVARY SYNDROME 
Sara Samino Gené 
Dipòsit Legal: T.63-2014 
 
Results 
97 
[27]. It is worth recalling that the term normal just applies to the entire 
population and not to the sample data. Hence, none of these tests would 
answer whether our dataset is normal or not. Their derived p-values 
must be interpreted as the probability of the data to be sampled from a 
normal distribution. On the other hand, testing normality is a matter of 
paradox/ for small samples sizes normality tests lack from power to 
detect non-normal distributions and as sample size increases normality 
becomes less troublesome thanks to the Central Limit Theorem. Since 
parametric tests are robust again mild violations of normality (and 
equality of variances as well), the practice of preliminary testing these 
two assumptions has been regarded as setting out in a rowing boat in 
order to test whether it is safe to launch an ocean liner [29]. Additionally, 
normality tests can be complemented with descriptive statistics such as 
Skewness and Kurtosis. On the other hand, graphical methods such as 
histograms, probability plots or Q-Q plots might result also helpful as 
tools to evaluate normality. Their use, however, is rather limited at 
exploratory stage of LC-MS untargeted metabolomic data since it is 
unfeasible to examine each one of these plots for each mzRT feature 
detected. 
Another of the assumptions of a parametric test is that the within-
group variances of the groups are all the same (exhibit homoscedasticity 
or homogeneity of variances). If the variances are different from each 
other (exhibit heteroscedasticity), the probability of obtaining a 
"significant" result even though the null hypothesis is true may be 
greater than the desired alpha level. There are both graphical and 
statistical methods for evaluating homoscedasticity. The graphical 
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method is the so-called boxplot but again, its use is rather limited 
because the impossibility to evaluate each one of them separately. The 
statistical methods are Levene’s and Bartlett tests, the former the less 
sensitive to departures from normality. In both cases, the null hypothesis 
states that the group variances are equal. Resulting p-value < 0.05 
indicate that the obtained differences in sample variances are unlikely to 
have occurred based on random sampling. Thus, the null hypothesis of 
equal variances is rejected and it is concluded that there is a difference 
between the population variances. 
The third assumption refers to independence. Two events are 
independent when the occurrence of one event makes it neither more 
nor less probable that the other occurs. In our metabolomic context, the 
knowledge of the value of one sample entering the study provides no 
clue about the value of another sample to be drawn. 
 
6.2. Parametric and Non-Parametric Tests. Does It Really Matters in 
LC-MS Untargeted Metabolomics Data? 
Overall, the strength of violation of the three assumptions will 
determine the application of a parametric or non-parametric test. It 
should be noted that parametric tests are more powerful than non-
parametric tests, i.e., the use of a non-parametric test might miss a 
statistically significant difference that a parametric test would find. 
However, when dealing with non-normal populations, unequal variances, 
and unequal small sample sizes, a non-parametric test would perform 
better. This is the worst-case scenario for a parametric test to be non-
robust. Although we recognize main weakness of normality testing, by 
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way of example we have calculated the percentage of features that meet 
normality and homocedasticity assumptions in our four working 
examples (Table 3). 
 
Table 3. mzRT features percentages in which normality, homocedasticity or both 
assumptions are met. H0 (Shapiro-Wilk’s test)= Data are sampled from a Gaussian 
distribution. H0 (Levene’s test)=Variances are equal. Percentages represent those 
features in which there were not enough evidences to reject H0 at conventional α=0.05 
relative to the total number of features retained after handling analytical variation. 
 
According to Table 3 and considering the four examples on average, 
65% of detected features meet normality and equality of variances 
assumptions. Therefore the use of a parametric test would be acceptable 
in 65% of the cases. Using a parametric test on the entire dataset would 
result in lack of robustness and consequent inaccurate p-values for the 
remaining 35% of features that do not meet parametric test 
assumptions. Alternatively, considering the use of a non-parametric 
would turn in loss of statistical power for those 65% of features. 
Alternatively we would transform those non-normally distributed data to 
normal or near to normal, for example taking logarithms when data 
come from a lognormal distribution. Nevertheless, data transformation 
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should be handled carefully since it might hamper the interpretation of 
the results. 
To evaluate the consequences of using parametric or non-parametric 
tests in our datasets, we performed both types of tests and compare 
their outcomes. The Venn diagrams in Figure 3 show the percentage of 
features resulting in significantly different means/medians using 
parametric and non-parametric tests for the four working examples. 
Both tests share most of the significantly varying features and just a 
minor percentage of the total were specifically detected using either 
parametric or non-parametric tests. In general terms, analysis on the 
four working examples show a residual discrepancy between parametric 
or non-parametric test in terms of their outlined significant features. 
Although from these results we can not extrapolate a general 
methodology to choose between parametric and non-parametric tests, 
we recommend testing normality and equality of variances assumptions 
prior hypothesis testing to gain deeper insights in population 
distributions. Then, performing both parametric and non-parametric 
tests and to compare their outcomes prevailing parametric test 
outcomes for further calculations. Notice that if parametric and non-
parametric tests result in high discrepancy we should check for outliers 
in our dataset. 
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Figure 3. Venn-Diagrams of the mzRT features showing statistical significance using 
either parametric or non-parametric tests. Venn-Diagrams’ areas are proportional to 
the percentage of the significantly varied features out of the number of total features 
retained after handling analytical variation (indicated in parenthesis) .The Mann-
Whitney test (examples #1, 2 and 4) or Wilcoxon signed rank (example #3) tests were 
used for non-parametric groups median comparisons. Unpaired (examples #1, 2 and 4) 
or paired (example #3) t-tests were used for parametric groups mean comparisons.  
 
7. Using Multiple Related Tests that Cumulate the p-Value/ The 
Multiple Testing Problem and the False Discovery Rate 
7.1. The Multiple Testing Problem 
In untargeted LC-MS-based metabolomics studies, the number of 
univariate-paralleled test equates to the number of mzRT features 
detected. As showed in our working examples, this number usually 
ranges in the thousands (it largely depends on experimental conditions). 
As the number of hypotheses tests increases, so as too does the 
probability of wrongly rejecting a null hypothesis because of random 
chance and therefore a substantial number of false positives (Type I 
error) might occur. This accumulation of false positives is termed the 
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multiple testing problem and is a general property of a confidence-based 
statistical test when applied across multiple features. From a 
metabolomics research standpoint, Type I errors are particularly 
undesirable. A substantial amount of work and resources based on 
MS/MS confirmation experiment can be stimulated in favor of a false 
finding. In the worstcase, a follow-up validation study on a false positive 
finding would not replicate the original work with consequent waste of 
resources and time. In such situations the chance for false positive rates 
must be carefully handed. Otherwise false findings may seriously affect 
the outcome of this type of studies [30]. Therefore, retrieved p-values 
from multiple tests performed in parallel across the detected mzRT 
features should be corrected. This is to re-calculate those probabilities 
obtained from a statistical test  which is repeated multiple times. We are 
going to discuss two possible ways of handling multiple testing problem/ 
the Bonferroni and the FDR (False discovery Rate) corrections. 
 
7.2. Bonferroni Correction 
The family wise error (FWER) is defined as the probability of yielding 
one or more false positives out of all hypotheses tested. This error 
remains the most accepted parameter for ascribing significance levels to 
statistical test [31,32]. In multiple testing, if k independent comparison 
are performed FWER is increased at the rate of 1-(1-α)k; where k is the 
number of hypothesis tests performed and αis the pre-defined threshold 
of probability in each individual test. Therefore, to maintain a prescribed 
FWER (i.e. 0.05) in an analysis involving multiple tests, the αassumed in 
each independent test must be more stringent than FWER. Bonferroni 
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correction is the standard approach to control FWER by specifying what 
αvalues should be considered in each individual test using the Equation 4 
α=FWDR/k (4) 
Considering our working example #1, 3252 mzRT features were 
retained after handling analytical variation. According to Bonferroni 
correction we should set a corrected α =0.05/3252=1.054x10
-5
for each 
individual test to accept an overall FWER of 0.05. Hence, in each 
individual test, only those features with p-values <1.54 x10
-5
would be 
declared to be statistically significant. Assuming this correction, the 
probability of yielding one or more false positives out of all 3252 
hypotheses tested would be FWER = 1-(1-1.54 x10
-5
)3252= 0.0488. 
Notice that this probability is much lower than the one obtained if no 
correction was applied/ FWER = 1-(1-0.05)4581≈ 1. Bonferroni correction 
represents a substantial increase of the stringency of our testing leading 
to just 75 metabolite features out of the initially 3252 prescribing a 
FWER = 0.05.  
Bonferroni correction keep a strict control on making one or more 
Type I error (false positive) at expenses of Type II errors (false negative). 
However, false negative findings might cause to overlook metabolites of 
potential interest and they also affect the outcomes of an untargeted 
metabolomics study. Other approaches to multiple testing correction 
such as the FDR (False Discovery Rate) claims for a striking balance 
between the concern about making too many false discoveries and the 
concern about missing the discovery of a real difference [33]. Next 
section deals on FDR correction and its interpretation. 
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7.3. The FDR Multiple Testing Correction 
The FDR compute the number of false positives out of the 
significantly varied metabolic features, i.e., the rate of significant 
features being false.  This is different from the Bonferroni correction 
which focuses on the control on all falsely rejected hypotheses. In other 
fields such as microarray data experiments, the Bonferroni correction 
has been found to be too conservative and its use has led to many 
missed features of interest [33]. It has been argued that controlling the 
rate of allowed false findings using FDR do not represent a serious 
problem in the context of an exploratory research when further 
confirmatory studies are undertaken [31-33]. In addition, it has been 
demonstrated that controlling the FDR at the screening stage of the 
research carries a benefit for the next research stages[34]. Nevertheless, 
some authors in the field of metabolomics advocate that although being 
the most conservative, a Bonferroni analysis is both conceptually easier 
to understand and numerically easier to implement [35]. 
FDR correction calculates a p-corrected value or q-value for each 
tested metabolic feature. This qvalue is a function of the p-values and 
the distribution of the entire set of p-values from the family of tests 
being considered [31]. For each feature, its associated q-value can be 
though as the expected proportion of false positives considered when 
such feature is declared to be significantly varied. Hence, a metabolic 
feature having a q-value of 0.05 implies that 5% of metabolic features 
showing pvalues as small as such feature are false positives. A useful 
consideration is that a p-value of 0.05 implies that 5% of all tests will 
result in false positives and a q-value of 0.05 means that 5% out of the 
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significant tests will result in false positives. A useful plot to evaluate the 
proportions of false positives is a frequency histogram illustrating the 
distribution of p-values obtained from paralleled tests across all 
mzRT features in a dataset. Figure 4 illustrates such histograms for 
examples #1, #2 and #4. Those mzRT features with significant changes in 
their relative abundance will show small p-values and therefore the 
histogram will be skewed towards 0 (examples #1 and 2). On the 
contrary, metabolic features showing no change in their relative 
abundances will show a uniform random flatten frequency distribution 
(example #4). The green bar represents those metabolic features 
declared to be significant in the t-test binary group comparison for each 
example (p < 0.05). The actual FDR calculated proportion of such 
features resulting in false positives correspond to the red bar (q-values > 
0.05). 
According to Figure 4, t-test comparison of KO and WT groups in 
example#1 lead to 708 significantly changed metabolic features out of 
3252. By setting our αthreshold to 5% we accepted 163 features to be 
false positives. This represents 23% out of the 708 features significantly 
varied. Notice that after FDR correction we obtained 453 mzRT features 
with q-values bellow 5% of false positives acceptance threshold. This 
means that 5% out of this 453 mzRT features (i.e., 23) are expected to be 
false positives. An acceptance of 5% chance of false positives results in a 
better situation than the one derived if no correction was applied 
(meaning 23% chance of false positives). Recall that in this same 
example, Bonferroni correction lead to consider just 75 features with an 
adjusted threshold p-value< 1.54x10
-5
. Bonferroni provides the strongest 
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control of the false positives and therefore a high confidence in the 
selected metabolic features. However, an important advantage of FDR 
approach is that it allows the researcher to select the error rate that they 
would assume in their subsequent studies. On the other hand, Figure 4 
show that a t-test comparison of WT and KO groups on example#4 
outlined 328 features all of them resulting in false positives after FDR 
correction. This indicates that all this significant outcomes derived from 
chance and no real effect was underlying on this example. Accordingly if 
no correction for multiple testing were considered we would have done 
subsequent MS/MS identification experiments on features that 
represent false positives. This would have been a pointless task with 
consequent waste of time and resources. To avoid situations like this, we 
would recommend correcting for multiple testing when dealing with 
multiple univariate analysis of untargeted LC-MS datasets. Then, focus 
on those metabolites with lower FDR derived q-values for further MS/MS 
identification experiments. In addition, we would like to comment that 
whenever a follow-up targeted validation study was going to be 
attempted, we would recommend considering those metabolites 
showing statistical significance after strict Bonferroni correction. 
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Figure 4. Frequency histogram showing the distribution of p-values typically expected 
from t-tests binary groups’ comparison in examples #1, 2 and 4. Green bar represent 
the total number of features declared to be significant assuming 5% false positives in a 
t-test comparison of the two groups. Red bar represent the FDR- estimated number of 
features being considered false positives out of the features declared significant in the 
t-test. The number of total significant features retained after FDR correction (q < 0.05) 
is also indicated. 
 
8. The Fold Change Criteria 
A common practice to identify mzRT features of relevance within a 
dataset is to rank these features according their fold change (FC). FC can 
be though as the magnitude of difference between the two populations 
under study. For each mzRT feature, a FC value is computed according to 
equation 5 in which X represents the average raw intensities across 
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“case” group and Y represents the average raw intensities across 
“control” group. Whenever the raw intensities of the “control” group are 
larger than in the “case” group, this ratio should be inverted and sign 
should be conveniently changed to indicate a decrease of the case group 
relative to the control. Of mention, in paired-data designs, fold change 
should be calculated as the average of each individual fold change across 
all sample pairs. 
(5) 
In formal statistical terms, a mzRT feature is claim to be varied 
among two conditions when its relative intensity values change 
systematically between these two condition regardless on how small this 
change is. However, significance does not contain information about the 
magnitude of this change. For a metabolomics standpoint, a metabolic 
feature is considered to be relevant only when this change result in a 
worthwhile amount. Hence, significantly varied mZRT are ranked 
according to their FC value. Subsequent MS/MS chemical structural 
identification experiments are performed on those metabolic features 
resulting above a minimum FC cutoff value. It has been demonstrated 
that a 2-FC cutoff for metabolomics studies using human plasma or CSF 
minimizes the effects of biological variation inherent in a healthy control 
group [26]. However, this cutoff value is set rather arbitrarily and based 
on similar FC cutoff values routinely applied in gene chip experiments. 
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9. Univariate LC-MS Untargeted Analysis Workflow 
The typical univariate data analysis flow diagram for untargeted LC-
MS metabolomics experiments is summarized in Figure 5. The ultimate 
goal is to constraint the number of initially detected mzRT features to an 
amenable number for further MS/MS identification experiments. Only 
those mZRT features showing both statistically significant changes with 
delimited chance for false positives in their relative intensity and a 
minimum FC are going to be retained. Steps 1-5 are below summarized/ 
STEP1. Use quality control check to get rid-out of those mZRT 
features that do not contain biological information. Ideally QC samples 
should be measured. Then, compute CVQC and proceed to retain only 
those metabolic features presenting CVQC < 20%. If QC samples are not 
available, an alternative procedure is to compute CVT and retain those 
mZRT with CVT > 20%. 
STEP2. Mind the experimental design to select the best suited 
statistical test to apply. Check whether your data is paired or not, i.e., 
whether your groups are related such as in our example#3 (individuals 
prior to treatment are uniquely matched to the same individual after the 
treatment). Afterwards, check normality and equality of variances 
assumptions. Be aware that performances of the normality tests might 
be hampered by low samples sizes dataset commonly found in LC-MS 
untargeted metabolomics studies. Despite this, working on such tests 
might be useful to gain some insights in to the data distribution. 
STEP 3. Compare mean or medians of your dataset performing 
statistical inference and trying to apply statistical tests thoughtfully 
instead of mechanically. Try to be aware of the tests weaknesses when 
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applying it. Once we have taken the decision on whether using 
parametric or non-parametric tests, it is important to stick on the same 
approach through the rest of the data analysis procedure. Thisis to plot 
our results in the form of medians instead of means whenever we 
choose to use a nonparametric statistical test. 
STEP4. Account for multiple testing. Report the number of positive 
false findings after FDR correction. Plot histograms of p-values frequency 
distribution to get an overview of whether a dataset contains significant 
differences. Decide a FDR threshold to accept. A general consensus is to 
accept 5% of FDR level but there is nothing special about this value and 
each researcher might justify their assumed FDR value, which should be 
fixed before data is collected. 
STEP5. Compute mean or median FC depending on the test used to 
perform statistical inference. Fix a cutoff FC value. From our in-house 
experience we recommend an arbitrary 1.5-FC cutoff valuemeaning a 
minimum of 50% of variation in the two groups compared. Rank your 
significant list of features according the FC value. Retain those significant 
features with higher FC values for MS/MS experiments and follow-up 
validation studies. 
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Figure 5. General flow chart for univariate data analysis of untargeted LC-MS-based 
metabolomics data. Different colors for the four working examples indicate the initial 
number and the retained number of mzRT features in each step. FDR and FC value are 
fixed at 5% level 1.5-cutoff values respectively. 
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Following steps 1-5 described above, those metabolites identified 
using MS/MS experiments for example #2 are summarized in Table 4. Of 
mention all metabolites identified meet the statistical criteria described 
above regardless of using either parametric or non-parametric tests. 
Notice the small number of properly identified metabolites as compared 
to the high number of features surviving statistical criteria. It is 
important to mention that in the best optimistic case the number of 
metabolite identifications showing MS/MS confirmation use to be in the 
tens after a formal untargeted metabolomics experiment. Conversely, in 
case of putative identifications based on exact masses, the number of 
metabolites reported is much higher. However, recall that such 
metabolites are just putatively identified. Considering that replication 
experiments are necessary to undeniably ascertain the role of the 
metabolites found to be relevant in the untargeted study, a strict 
identification of the metabolites is essential. In this sense, our work-flow 
data analysis represents the first step for a successful identification of 
those metabolites. 
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Table 4. Statistics summary of those metabolites identified using MS/MS experiments 
in working example #2. Unpaired t-test and Mann-Whitney test were used for 
parametric and non-parametric hypoxic and normoxic retinas comparison respectively. 
Correction for multiple testing was performed assuming 5% FDR. 
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2.2.1 New metabolic insights in PCOS 
2.2.1.1 Metabolic heterogeneity in polycystic ovary syndrome 
(PCOS) is determined mainly by obesity: a plasma untargeted gas 
chromatography-mass spectrometry (GC-MS) metabolomic approach 
 
SUMMARY 
BACKGROUND: Abdominal adiposity and obesity influence the 
association of polycystic ovary syndrome (PCOS) with insulin resistance 
and diabetes. We aimed to characterize the intermediate metabolism 
phenotypes associated with PCOS and obesity. 
METHODS: We applied a untargeted gas chromatography-mass 
spectrometry (GC-MS) metabolomic approach to plasma samples from 
36 patients with PCOS and 39 control women without androgen excess, 
matched for age, body mass index and frequency of obesity. 
RESULTS: Patients with PCOS were hyperinsulinemic and insulin 
resistant compared with the controls. The increase in plasma long-chain 
fatty acids such as linoleic and oleic acid and of glycerol found in the 
obese patients with PCOS suggests increased lipolysis, possibly 
secondary to impaired insulin action at adipose tissue. On the contrary, 
non-obese patients with PCOS showed a metabolic profile consisting of 
suppression of lipolysis and increased glucose utilization (increased lactic 
acid levels) at peripheral tissues, and PCOS patients as a whole showed 
decreased 2-ketoisocaproic and alanine levels suggesting utilization of 
branch-chain aminoacids for protein synthesis and not for 
gluconeogenesis. These metabolic processes required effective insulin 
signaling; therefore, insulin resistance was not universal in all tissues of 
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these women, and different mechanisms possibly contributed to their 
hyperinsulinemia. PCOS was also associated with decreased α-
tocopherol and cholesterol levels irrespective of obesity. 
CONCLUSIONS: Substantial metabolic heterogeneity, strongly 
influenced by obesity, underlies PCOS. The possibility that 
hyperinsulinemia may occur in the absence of universal insulin resistance 
in non-obese women with PCOS should be considered when designing 
diagnostic and therapeutic strategies for the management of this 
prevalent disorder. 
 
INTRODUCTION 
PCOS is the most prevalent endocrine disorder in women of fertile 
age [83]. PCOS is characterized by androgen excess and is associated 
with metabolic disorders such as obesity, insulin resistance and diabetes 
[84,85,86,87]. The occurrence of disorders of glucose tolerance and 
diabetes in women with PCOS appears to be mainly dependent on the 
association with insulin resistance and obesity playing a major triggering 
role [82]. Whether the increased risk of diabetes pertains to all patients 
of PCOS irrespective of obesity, or only to obese patients and non-obese 
patients with additional risk factors, is still matter of debate [88,89]. 
The application of hypothesis-free genomic and proteomic 
techniques to the study of PCOS confirmed the involvement of insulin 
resistance and low-grade chronic inflammation in its pathogenesis [90], 
but also revealed the participation of metabolic pathways related to iron 
metabolism, Wnt signaling, oxidative stress, immune function, and lipid 
metabolism in the pathogenesis of this prevalent disorder [75,90,91,92]. 
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Recently introduced metabolomics aim at the identification and 
quantification of all metabolites in biological systems [18]. Metabolites 
include a wide array of compound classes such as amino acids, lipids, 
organic acids, nucleotides and others which are quite diverse in their 
physical and chemical composition and occur in a wide range of 
concentrations [18]. Compared with genomics, transcriptomics and 
proteomics, metabolomics provides data that are the most predictive of 
the phenotype [18] because the metabolome is the net result of 
genomic, transcriptomic and proteomic variability, and of their 
interaction with the environment [93]. 
Untargeted hypothesis-free metabolomic approaches intend to 
compare as many metabolites as possible of different samples, reporting 
those metabolites that quantitatively differ based on statistical analysis 
[93]. As other omics techniques, untargeted metabolomic profiling is not 
constricted by previous knowledge on the field and could indicate novel 
mechanisms of disease and even therapeutic targets that may have been 
lost by classic targeted approaches. 
In order to provide new insights on the impact that obesity exerts on 
the metabolic derangements frequently associated with PCOS, we have 
characterized the intermediate metabolism phenotypes associated with 
PCOS and obesity in premenopausal women by applying a untargeted 
gas chromatography-mass spectrometry (GC-MS) based metabolomic 
approach to their plasma samples. 
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MATERIALS AND METHODS 
Subjects 
We selected plasma samples from 36 patients with PCOS and 39 
control women who had no evidence of androgen excess or ovulatory 
dysfunction. We selected both groups from our historical database of 
patients and controls using age and body mass index (BMI) as sole 
criteria, in order to avoid any selection bias related to prior knowledge of 
their metabolic or hormonal characteristics. The selection process aimed 
to have similar age, BMI and frequencies of obesity, as defined by a BMI 
≥ 30 kg/m
2
, in both groups. 
The diagnosis of PCOS relied on the presence of clinical and/or 
biochemical, hyperandrogenism, oligoovulation, and exclusion of 
secondary etiologies as previously reported [94]. Evidence of 
oligoovulation was provided by serum luteal phase progesterone 
measurements less than 4 ng/ml (12.7 pmol/l) in patients with regular 
menses, by oligomenorrhea (more than six cycles longer than 36 d in the 
previous year) or by amenorrhea (absence of menstruation for 3 
consecutive months). Although ovarian morphology was not analyzed, 
by having hyperandrogenism and oligo-ovulation all patients fulfilled all 
the current definitions of PCOS [78,79,95], and PCOS was ruled out 
reliably in the controls because all these women did not have 
hyperandrogenism and showed regular ovulatory menstrual cycles. 
None of the women had either a personal history of hypertension, 
diabetes mellitus or cardiovascular events, or had received treatment 
with oral contraceptives, antiandrogens, insulin sensitizers, iron 
supplements or drugs that might interfere with blood pressure 
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regulation, lipid profile or carbohydrate metabolism for the previous 6 
months. We obtained written informed consent from all the participants, 
and approval from the local Ethics Committee. 
We obtained plasma samples during the follicular phase of the 
menstrual cycle or during amenorrhea, after a 3-day 300-g carbohydrate 
diet and 12-h overnight fasting. The technical characteristics of the 
assays employed for plasma glucose and lipids and serum hormone 
measurements have been described elsewhere [94,96]. The composite 
insulin sensitivity index [97] was determined from the glucose and 
insulin measurements obtained during a standard oral glucose tolerance 
test. 
Plasma handling 
GC-MS analysis was performed according to Agilent’s specifications 
[98]. One-hundredμL plasma aliquots were thawed to 4°C. After thawing, 
samples were briefly vortexed to remove inhomogeneities due to the 
freezing-thawing process. Each aliquot was spiked with 20 μl internal 
standard solution (1 μg/μl succinic-d4 acid; Sigma-Aldrich Química SA, 
Madrid, Spain). Then proteins were precipitated by the addition of 900 μl 
of cold methanol/water (8/1 v/v) followed by 4 minutes ultrasonication 
and 10 seconds vortexing. Aliquots were kept subsequently on ice for 10 
minutes. After centrifugation (10 minutes at 19,000 g at 4ºC), two 
technical replicates of 200 μl each of the supernatant was transferred to 
a GC autosampler vial and 20 μl of myristic-d27 acid (Sigma Aldrich) used 
as internal standard for retention time lock (RTL system provided in 
Agilent’s ChemStation Software, Agilent Technologies Inc., Santa Clara, 
CA) was added to each aliquot. Finally, the mixture was lyophilized 
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overnight using a Lyotrap freeze-dryer (LTE Scientific Ltd, Greenfield, 
United Kingdom). 
The first step of the derivatization was methoximation to prevent 
ring formation and to stabilize carbonyl moieties. Thus, we incubated 
lyophilized plasma residues with 50 μL of methoxyamine in pyridine (0.3 
μg/μl) for 16 hours at room temperature. To increase the volatility of the 
compounds, in the next step we silylated the samples using 30 μl of N-
methyl-N-trimethylsilyltrifluoroacetamide with 1%trimethylchlorosilane 
(MSTFA + 1% TMCS, Thermo Fisher Scientific Inc., Alcobendas, Spain) for 
1 hour at room temperature. 
GC-MS analysis 
We submitted derivatized plasma samples to a GC-MS system that 
consisted of a HP6890 gas chromatograph coupled to a quadrupole 
HP5973 mass spectrometric detector (Agilent Technologies Inc.). The 
detector had a resolving power of unit mass resolution over mass range 
m/z 5 to 500 and mass accuracy of ± 0.2u. The system was equipped 
with electron impact ionization (EI), an autosampler (7683 series), an 
injector (7683B series) and the ChemStation software (G1712DA, Rev. 
02.00). We used the retention time locking software (RTL, Agilent 
Technologies Inc.) to stabilize retention times from run to run. 
The head pressure was adjusted in the constant pressure mode to 
the locked retention time 16.727 min (17.5 psi) of the reference 
compound myristic-d27 acid. One μL of each derivatized sample was 
injected in the gas chromatograph system with a split inlet (split ratio 
5/1) equipped with a J&W Scientific DB 5-MS+DG stationary phase 
column (30 mm × 0.25 mm i.d., 0.1 μm film, Agilent Technologies Inc.) 
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coupled to the HP5973 mass selective detector. The column temperature 
was held at 60 ºC for 1 min, then increased to 325ºC at a rate of 10 ºC/ 
min and finally held at this temperature for 10 min. The detector was 
operated in the scan mode from the electron impact ionization mode (70 
eV). Mass spectra were recorded after a solvent delay of 4 min with 2.46 
scans per second (mass scanning range of m/z 50–600; threshold 
abundance value of 50 counts). The source temperature and quadrupole 
temperature were 230 and 150 °C, respectively. 
We used quality control samples (QCs) consisting of pooled plasma 
samples to check the GC-MS system for reproducibility. QCs were 
injected periodically after 12-study samples. The reproducibility of our 
QCs peak areas in terms of % RSD was 29% for cholesterol, 6% for 
glucose and 14% for glycerol, which are within the acceptable range of 
less than 30% RSD [99]. To check the reproducibility of our ionization 
efficiency in plasma, we performed 5 repeated GC-MS injection of the 
same plasma sample spiked at a final concentration of 3mg/mL of 
myristic acid d27. We obtained a 5% RSD on the area of its 
representative ion (m/z 312 at RT=16.727 min). Moreover, injecting 6 
times another plasma sample provided a 15% RSD for a set of 10 known 
metabolites spanning the whole chromatogram. In addition, to begin 
with the chromatographic analysis, injections of 3 blank runs were 
performed daily to check for carry-over effects. The experimental 
samples were carefully randomized to ensure that potential 
experimental drifts affected the experimental groups to the same extent.  
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GC-MS data analysis  
Raw GC-MS files were exported in the platform-independent netCDF 
(*.cdf) and loaded in to XCMS software (version 1.6.1) based on R-
program version 2.9.2 (R-Foundation for statistical computing, 
www.Rproject.org). After automatic peak peaking, integration of 
chromatographic peaks and alignment in the time domain XCMS feature 
table containing integrated intensities of each mass-to-charge ratio 
retention time (m/zRT) pair in a tab-separated text file (*.txt). We then 
used Matlab (TheMathWorks, Inc., Natick, Massachusetts) to extract and 
normalize to internal standard succinic-d4 acid features that were 
present in both plasma aliquots of 80% or more of the samples of at 
least one of the experimental groups. Subsequently, we performed 
statistical analysis (see below) of the normalized mZRT features obtained 
from XCMS. Only those fragments showing statistically significant 
differences among the groups of women were used to annotate peaks. 
Groups of features sharing the same retention time that turned out to be 
statistically significant and that presented with a high degree of 
correlation were considered representative of a single metabolite. For 
metabolite annotation, AMDIS program (Automated Mass Spectral 
Deconvolution and Identification System, National Institute of Standards 
and Technology, Gathersburg, MD) was run for peak deconvolution and 
both the Fiehn GC-MS Metabolomics RTL Library and NIST mass spectral 
databases were used for tentative identification (match with library > 
65%). 
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Statistical Analysis 
The influence of PCOS status and obesity and the interaction 
between both independent variables on the m/zRT intensities obtained 
by XCMS software, normalized to internal standard succinic acid-d4,were 
analyzed by two-way ANOVA. Clinical variables were analyzed after 
confirming normality of dependent variables by the Kolmogorov-Smirnov 
test. GC-MS variables were rank transformed before submitting them to 
two-way ANOVA, as most of them did not follow a normal distribution. 
Because two-way ANOVA incorporates multiple comparisons among 
groups into its calculations, we set the level of statistical significance at 
the α = 0.05 level. 
 
RESULTS 
As expected from design, we found no differences in age and body 
mass index among patients with PCOS and controls. However, when 
compared with the controls, patients with PCOS presented with 
increased waist hip ratio, hirsutism score, free testosterone, 
dehydroepiandrosterone-sulfate and fasting insulin levels, and 
decreased fasting glucose and insulin sensitivity index values (Table 1), 
irrespective of the occurrence of obesity. 
When considered as a whole, obese women presented with 
increased body mass index and waist hip ratio, free testosterone 
concentrations, fasting insulin, LDL-cholesterol levels and triglycerides, 
and reduced sex hormone-binding globulin and HDL-cholesterol levels 
and decreased insulin sensitivity index compared with their non-obese 
counterparts (Table 1). We did not find any statistically significant 
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interaction between PCOS status and obesity, indicating that the effects 
of PCOS were common to non-obese and obese women and, viceversa, 
the effects of obesity were the same in the patients with PCOS and in the 
controls (Table 1). 
 P-value 
 PCOS Obesity Interaction 
Age (yr) 0.871 0.089 0.853 
Body mass index 
(kg/m
2
)
a
 
0.643 <0.001 0.933 
Waist hip ratio
a,b
 0.023 <0.001 0.258 
Frequency of smokers 0.817 0.351  
Hirsutism score
b
 <0.001 0.755 0.154 
Free testosterone 
(ng/dl)
a,b
 
<0.001 <0.001 0.228 
Sex hormone-binding 
globulin (µg/dl)
a
 
0.094 <0.001 0.796 
Dehydroepiandrosteron
e-sulfate (ng/ml)
b
 
0.012 0.454 0.878 
Fasting glucose (mg/dl)
b
 0.022 0.225 0.886 
Fasting insulin (µU/ml)
a,b
 0.008 <0.001 0.714 
Insulin sensitivity index
a,b
 0.022 0.001 0.263 
Total cholesterol (mg/dl) 0.793 0.126 0.563 
HDL-cholesterol (mg/dl)
a
 0.994 0.010 0.063 
LDL-cholesterol (mg/dl)
a
 0.487 0.025 0.835 
Triglycerides (mg/dl)
a
 0.070 <0.001 0.243 
Table 1. Clinical and hormonal characteristics of patients with PCOS compared with 
control women. Differences in continuous variables among groups were analyzed by 2-
way ANOVA, and categorical data were analyzed by Χ
2
tests. 
 
Table 2 summarizes detailed peak annotation, assignment and 
univariate statistical analysis derived from the study of the interplay 
between PCOS and obesity. 2-Ketoisocaproic acid, α-tocopherol, alanine 
and cholesterol were different in patients with PCOS and controls 
irrespective of obesity (Figure 1A, Table 2). On the contrary, citramalic 
acid, glycine, gluconic acid lactone, phenylalanine and palmitoleic acid 
were different when comparing non-obese with obese women 
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irrespective of PCOS (Figure 1B, Table 2) and glycerol, lactic acid and 
oleic acid were influenced by obesity, but this influence was different in 
the PCOS and control groups (Figure 2, Table 2). 
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Fig. 1. Metabolites showing differences in the m/zRT intensities normalized to internal 
standard succinic-d4 acid. The box plot includes the median (horizontal line) and the 
interquartile range, and the whiskers indicate the minimum and maximum data values, 
unless outliers are present, in which case the whiskers extend to a maximum of 1.5 
times the interquartile range. (A), Differences between patients with polycystic 
ovarysyndrome (PCOS) and controls, irrespective of obesity. (B), Differences between 
nonobese and obese women, irrespective of PCOS status. *P _ 0.05; †P _ 0.01; ‡P _ 
0.005. 
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We found statistically significant interactions between PCOS and 
obesity in the plasma levels of 3 metabolites also affected by obesity – 
lactic acid, glycerol and oleic acid –and of 3 metabolites – adipic acid, 
linoleic acid and glyceric acid – that were affected by the interaction 
between obesity and PCOS but showed no overall significant effects for 
any of these independent variables (Figure 2, Table 2). Of the 6 
metabolites showing statistically significant interactions among PCOS 
and obesity, glycerol and adipic, linoleic and glyceric acid were reduced 
in non-obese PCOS patients and increased in obese PCOS patients when 
compared to their non-obese and obese counterparts (Figure 2). Lactic 
acid was increased in non-obese subjects compared with obese women 
considering PCOS patients and controls as a whole, yet this difference 
was caused by an increase in non-obese PCOS patients (Figure 2). 
Conversely, oleic acid was increased in obese subjects compared with 
non-obese women considering PCOS patients and controls as a whole, 
but oleic acid concentrations decreased in non-obese PCOS patients and 
increased in obese PCOS patients when compared to non-obese and 
obese controls, respectively (Figure 2). 
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Fig. 2. Metabolites showing statistically significant interactions between PCOS and 
obesity, meaning that the effects of PCOS were different in obese and nonobese 
women, or that the effects of obesity were not the same in the PCOS and control 
groups. Data are m/zRT intensities normalized to internal standard succinic-d4 acid. The 
box plot includes the median (horizontal line) and the interquartile range, and the 
whiskers indicate the minimum and maximum data values, unless outliers are present, 
in which case the whiskers extend to a maximum of 1.5 times the interquartile range. 
*P <0.05, †P < 0.01, and ‡P _ 0.005 for the interaction between PCOS and obesity; §P < 
0.05 and ||P < 0.001 for the effect of obesity irrespective of PCOS status. 
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Metabolite  Fold change 
Quantitative 
ion (m/z) 
RT 
(min) 
Fiehn/NIST 
match 
(% Probability 
NIST or Net 
Fiehn) 
Patients with PCOS vs controls 
2-Ketoisocaproic  acid ↑1.5 216 9.15 90 
Alanine
b 
↑1.3
 
188 11.2 97 
α-Tocopherol
b 
↑1.6
 
502 27.45 88 
Cholesterol ↑1.5 458 27.56 97 
Obese vs non-obese women 
Palmitoleic acid
b
 ↓1.2
 
311 18.72 87 
Phenylalanine
b 
↓1.2
 
120 13.58 77 
Glycine
b
 ↑1.2 248 10.48 77 
Citramalic acid
b
 ↓1.3 247 12.72 71 
Gluconic acid lactone ↓1.2 217 17.0 69 
Lactic acid ↓1.0 191 7.01 99 
Glycerol
b
 ↑1.4 205 10.05 91 
Oleic acid
b
 ↓1.4 339 20.53 99 
Interaction between PCOS and obesity 
Lactic acid - 191 7.01 99 
Glyceric acid - 292 10.85 95 
Adipic acid
b
 - 275 13.05 72 
Glycerol
b
 - 205 10.05 91 
Linoleic acid
b
 - 337 20.43 96 
Oleic acid
b
 - 339 20.53 99 
Table 2. Results of untargeted GC-MS approach to the study of the interplay between 
obesity and PCOS in premenopausal women. a Metabolites showing statistically 
significant differences after GC-MS raw data, normalized to internal standard succinic-
d4 acid, and rank transformed. Metabolites were submitted to 2-way ANOVA 
introducing PCOS status and obesity as independent variables (see also Figs. 1 and 2).b 
Identification was unequivocally confirmed by comparison of retention times and 
spectral data to the corresponding pure standard compounds. Fold changes are also 
presented (1indicates increased relative areas of the quantitative ion with respect to its 
corresponding control group;2indicates decreased relative areas). We used AMDIS and 
both NIST and Fiehn libraries to identify the most likely metabolites from the features 
differentially present as a function of PCOS status, obesity, or their interaction. 
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DISCUSSION 
Our present results provide novel data indicating substantial 
metabolic heterogeneity in PCOS, modulated mostly by its association 
with obesity. 
The increase in plasma long-chain fatty acids such as linoleic and 
oleic acid and of glycerol found in the obese patients with PCOS, as well 
as the increase in oleic and palmitoleic acid found in obese women 
irrespective of PCOS, suggests increased lipolysis possibly secondary to 
impaired insulin action at adipose tissue [100,101]. The increase in 
circulating free fatty acids may contribute further to the insulin 
resistance associated with both obesity and PCOS [78], and to the 
association of PCOS and obesity with the metabolic syndrome and non-
alcoholic fatty liver disease [102]. 
These findings are in conceptual agreement with the metabolic 
signature previously associated with obesity [103] that also includes 
increased circulating branched-chain aminoacids (BCAA) [103]. 
Peripheral insulin resistance leads to an increase in circulating BCAA 
concentrations because their utilization in tissues such as muscle 
requires conserved insulin signaling. In a situation of insulin resistance, 
BCAA are used for gluconeogenesis through pyruvate transamination 
into alanine, thereby contributing to glucose intolerance [103,104]. The 
decreased glycine levels in our obese patients may also indicate 
increased utilization for gluconeogenesis. Furthermore, an increase in 
BCAA catabolism may explain the increase in phenylalanine 
concentrations in our obese women, because large neutral amino acids 
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such as phenylalanine compete with BCAA for transport into mammalian 
cells [105]. 
Yet the changes observed in the metabolic profile of our women with 
PCOS, especially in the non-obese sample, strongly suggest that insulin 
resistance is not universal in these patients and that the increase in 
serum insulin levels may result from entirely different mechanisms. First, 
the changes in glycerol and long-chain fatty acids in non-obese women 
with PCOS were just the opposite than those found in the obese PCOS 
patients, as these metabolites were decreased in non-obese patients 
with PCOS compared with the non-obese controls, suggesting 
suppression of lipolysis. This finding requires conserved insulin sensitivity 
in adipose tissue, and possibly the presence of increased insulin 
concentrations, although an impairment in catecholamine-induced 
lipolysis in subcutaneous tissue is also characteristic on non-obese 
women with PCOS [100,106,107] and might have contributed to the 
reduced lipolysis suggested by our present results. Second, the decrease 
in 2-ketoisocaproic acid levels in patients with PCOS suggests decreased 
transamination of leucine in the first step of BCAA catabolism – which is 
common to leucine, iso-leucine and valine – instead of the increased 
transamination previously suggested as a metabolic footprint of obesity 
and diabetes [103,104]. Under normal conditions, alanine arising from 
BCAA nitrogen accounts for 25% of gluconeogenesis from amino acids 
[108]. These data, together with the decreased alanine levels found in 
patients with PCOS, suggests that BCAA are being used for protein 
synthesis in these women, and not for gluconeogenesis as happens in 
obesity and diabetes [103,104]. However, the actual meaning of change 
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in alanine levels is ambiguous because a decrease in its plasma 
concentration has been also associated to increased gluconeogenesis in 
diabetic db-/db- mice [109]. 
Although a certain degree of insulin resistance was present in our 
patients with PCOS because these women remained normoglycemic in 
the presence of hyperinsulinemia, these results suggest that peripheral 
insulin resistance did not dominate the picture in a significant number of 
PCOS patients, especially in the non-obese. Suppression of lipolysis in 
adipose tissue and protein synthesis in tissues such as muscle require 
conserved insulin signaling [110]. The finding of increased plasma lactic 
acid levels in our non-obese patients with PCOS further suggests insulin-
stimulated glucose uptake and consumption in the muscle of these 
patients. In conceptual agreement, oocytes from non-obese patients 
with PCOS show increased glucose and pyruvate consumption during 
overnight in vitro maturation, a characteristic that is not present in 
oocytes when patients had been treated with the insulin-lowering drug 
metformin [111]. These results may suggest that there is no resistance to 
the actions of insulin in PCOS oocytes, and that their increased glucose 
consumption may result from exposure to increased insulin levels. 
We may also speculate that the putative increase in BCAA usage with 
respect to that of non-hyperandrogenic women may be related to the 
anabolic effects of androgens on protein synthesis, for example in 
muscle and bone mass [112], coupled to the increased circulating insulin 
levels that characterize both lean and obese women with PCOS [84]. Of 
note, a large body of evidence supports the possibility of insulin action 
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varying between metabolic responses and between target tissues in 
women with PCOS [78,113], in conformity with our present results. 
For this explanation to be plausible, the increased insulin levels of 
lean women with PCOS must not result only from peripheral insulin 
resistance. There are scientifically sound data supporting this possibility/ 
on the one hand, euglycemic hyperinsulinemic clamp studies 
demonstrated that in non-obese women with PCOS a reduced hepatic 
clearance of insulin, and not only peripheral insulin resistance, is a major 
contributor to their increased circulating insulin concentrations whereas 
obese PCOS patients presented with peripheral insulin resistance [114]; 
on the other hand, myotubes from patients with PCOS may show normal 
insulin sensitivity [113]. Therefore, an increase in insulin levels coupled 
to the lack of resistance for some insulin actions or lack of insulin 
resistance in some non-peripheral target tissues, may explain an increase 
in utilization of BCAA and glucose in muscle and perhaps in other tissues, 
as suggested by the metabolic profile of our non-obese patients with 
PCOS. 
The decreased concentrations of the lipid-soluble vitamin α-
tocopherol could contribute to the increased oxidative stress previously 
associated with PCOS [115]. On the contrary, the finding of decreased 
free cholesterol concentrations in our patients with PCOS is relatively 
unexpected as we were not able corroborate any change in plasma lipid 
levels by classical analytical procedures in these women. Furthermore, 
we have no clear explanation for the changes in other metabolites such 
as citramalic, adipic acid, gluconic acid lactone or glyceric acid, although 
the last two metabolites (which are products of glucose and glycerol 
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oxidation, respectively) may represent artifacts resulting from the high 
temperatures reached during gas chromatography. 
In summary, our present results indicate substantial metabolic 
heterogeneity in PCOS, suggesting that insulin resistance and 
hyperinsulinemia contribute to the pathogenesis of this disorder, but 
that the later is not necessarily secondary to the former. Non-obese 
women with PCOS present a metabolic footprint compatible with a 
predominant effect of hyperinsulinemia in the absence of peripheral 
insulin resistance at adipose tissue and muscle. This might be related to 
the previously described decrease in hepatic clearance of insulin in such 
women [114] and to the heterogeneity in insulin action between 
metabolic responses and between target tissues characteristic of women 
with PCOS [78,113]. On the contrary, obese women with PCOS present 
with a metabolic profile in which the consequences of insulin resistance, 
possibly related to abdominal adiposity [84], predominate. 
However, the most plausible scenario is that patients with PCOS may 
present throughout a whole spectrum of relative contributions of both 
pathogenetic mechanisms to hyperinsulinemia, with obesity playing a 
definite role as inductor of insulin resistance. The possibility that 
hyperinsulinemia may occur in the absence of universal insulin resistance 
in some women with PCOS, especially when abdominal adiposity and / 
or obesity are not marked, should be considered when designing 
diagnostic and therapeutic strategies for the management of this 
prevalent disorder. 
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2.2.1.2 Metabolomics untargeted approach reveals impaired 
transport reverse of cholesterol in young lean PCOS patients 
 
INTRODUCTION 
Polycystic ovary syndrome (PCOS) is the most common endocrine 
disorder in women of reproductive age. The diagnosis of PCOS is based 
on three main criteria: (i) hyperandrogenism, (ii) oligo-amenorrhea, and 
(iii) the observation of polycystic ovaries on a sonogram [1]. While the 
mecanisms leading to the development of PCOS are still not completely 
understood, PCOS has been associated with multifactorial causes 
including the interaction of genetic variants, environmental factors and 
life-style [2]. In addition, increasing evidences indicate that insulin 
resistance and compensatory hyperinsulinaemia may play an important 
role in the pathophysiology of PCOS [3]. In fact, long-term studies have 
shown that the risk of glucose intolerance is approximately 5 to 10-fold 
higher in PCOS relative to healthy women, and this risk does not appear 
to be limited to a single ethnic group [4,5]. Consequently, PCOS women 
constitute a high-risk group for developing type 2 diabetes [3,6].   
Metabolomics enables the characterization of small molecules that 
are direct signatures of biochemical activity. The implementation of 
untargeted metabolomic approches, therefore, may facilitate the 
identification of novel molecules implicated in the pathophysiology of 
PCOS including the development of common metabolic disorders such as 
type 2 diabetes.  
The aim of this study is to apply our metabolomic approach to 
discover new  biomarkers of PCOS. We analyzed serum samples of young 
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PCOS patients and healthy controls using LC-QTOF MS and NMR to 
investigate metabolic alterations characteristics of PCOS.    
 
MATERIALS AND METHODS 
Study population 
The study girls were recruited among patients consecutively seen in 
the Adolescent Endocrinology Unit of Sant Joan University Hospital,  
Barcelona, Spain. The study population consisted of 12 girls with 
hyperinsulinemic androgen excess and 14 control girls.  
Inclusion criteria for PCOS girls were: 1) hyperinsulinemia, defined as 
fast-inginsulinemia above 15 U/ml and/or a peak insulinemia above 150 
U/ml, and/or mean insulinemia above 84 U/ml on a 2-h oral glucose 
tolerance test (18); and 2) the presence of both clinical and biochemical 
androgen excess, as defined by the following: hirsutism score above 8 
(Ferriman-Gallwey), amenorrhea (no menses for 3 months) or 
oligomenorrhea (menstrual cycles 45 d); and high circulating levels of 
androstenedione or testosterone in the follicular phase (d 3–7) or after 2 
months of amenorrhea. 
Exclusion criteria were: evidence of anemia, thyroid dysfunction, 
bleeding disorder, Cushing syndrome, or hyperprolactinemia; glucose 
intolerance; diabetes mellitus; late-onset adrenal hyperplasia; abnormal 
electrolytes; abnormal screening of liver or kidney function; use of 
medication affecting gonadal or adrenal function, or carbohydrate or 
lipid metabolism. Pregnancy risk was a particular exclusion criterion that 
was not only taken into account at study start, but was also maintained 
throughout the study in the PioFluMet subgroup. 
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Untargeted metabolomic experiment 
Untargeted metabolomics analysis on serum samples was performed 
using two analytical platforms: NMR and LC-ESI-QTOF; each serum 
sample was split into two aliquots and run in parallel using the two 
analytical platforms. For the NMR measurement 250 μL of serum were 
mixed with 250 μL of phosphate buffer (0.75 mM Na2HPO4 adjusted at 
pH 7.4, and 20% D2O to provide the field frequency lock). The final 
solution was transferred to a 5 mm NMR tube and kept refrigerated at 
4ºC in the autosampler until the analysis. 1H-NMR spectra were 
recorded at 310 K on a Bruker Avance III 600 spectrometer operating at a 
proton frequency of 600.20 MHz using a 5 mm CPTCI triple resonance 
(
1
H, 
13
C, 
31
P). Three different 
1
H-NMR pulse experiments were performed 
for each sample: 1) Nuclear Overhauser Effect Spectroscopy (NOESY)-
presaturation sequence to suppress the residual water peak; 2) Carr-
Purcell-Meiboom-Gill sequence (CPMG, spin-spin T2 relaxation filter) 
with a total time filter of 410 ms to attenuate the signals of serum 
macro-molecules to a residual level; 20 ppm spectral width and a total of 
64 transients collected into 64 k data points, and 3) Diffusion-edited 
pulse sequence with bipolar gradients along with longitudinal eddy-
current delay (LED) to further estimate the serum lipoprotein profile 
according to our described methodology [7].  
The second aliquot was used for LC-MS analysis. 30 μL of serum 
sample was mixed with 120 μL of cold ACN:H2O with 1% MPA and 0.1% 
formic acid (previously filtered). Samples were vortexed vigorously for 30 
seconds and stored at –20ºC for 2 hours to enable protein precipitation. 
Subsequently, samples were centrifuged 15 minutes at 4ºC and 15000 
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rpm and the supernetant was transferred to a LC-MS vial. Samples were 
injected in a UHPLC system (1290 Agilent) coupled to a quadrupole time 
of flight (QTOF) mass spectrometer (6550 Agilent Technologies) 
operated in positive electrospray ionization (ESI+) mode. Metabolites 
were separated using either C18-RP (ACQUITY UPLC HSS T3 1.8 μL, 
Waters) and HILIC (ACQUITY UPLC BEH 1.7 μL, Waters) chromatography 
at a flow rate of 0.4 mL/min. The solvent system in C18-RP was A= 0.1% 
formic in water, and B= 0.1% formic in acetonitrile. The solvent system in 
HILIC was A= 50mM NH4OcA in water, and B= ACN. The injection volume 
was 2 μL. MS/MS data of the metabolites of interest was collected using 
the same equipment and runing the samples again. Finally, those 
metabolites confirmed by MS/MS using QTOF quantified again using a 
triple quadrupole (QQQ) MS (6490 Agilent Technologies). Quality control 
samples (QC) consistig of pooled serum samples of all patients entering 
the study were used. QC samples were injected before the first study 
samples and then, were analyzed periodically after five-study samples. 
Furthermore, real samples were randomize to reduce systematic error 
associated with instrumental drift.  
Proteomic experiment 
Protein precipitation was carried out adding 10% of pure 
trichloroacetic acid (TCA) to 10 μL of serum. Samples were vortexed 
vigorously and incubated on ice for 1 hour. Then, samples were 
centrifuged at 4ºC and 14000 rpm for 15 minutes and the supernatant 
was discarded. 800 μL of cold acetone (-20ºC) were added to the pellet 
and proteins were suspended and incubated overnight (-20ºC). Samples 
were centrifuged and the supernatant discarded again. This step was 
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repeated and the pellet was air-dried. Pellet was resuspended with 100 
μL of urea (7M), thiourea (2M) and CHAPS (4%) buffer. 10 μL of this 
solution were added to 30 μL of Laemmli Buffer (4x). 40 μL of such 
solution was applied to a home-made on 12% acrylamide/bis-acrylamide 
SDS-PAGE gels. 
Proteins were Coomassie stained. Bands of interest were manually 
excised from 1D SDS-PAGE gels and were destained and washed with 25 
mMAmBicfor 15 min followed by a wash with acetonitrile for 15 min. 
These washes were twice repeated and samples were finally dehydrated 
with 100% acetonitrile and dried in a speed Vack. For the cysteine 
carbamidomethylation, dried gel was placed at 56 ºC for 1 h in a 
reducing solution containing 10 mM DTT and 50mM ammonium 
bicarbonate. Alkylation of the cysteines was achieved by incubation of 
the gel for 30 min in the dark with 55 mMiodoacetamide in 25 mM 
ammonium bicarbonate buffer. Gel pieces were alternately washed with 
25 mMAmBic and 25 mMAmBic with acetonitrile, and finally dehydrated 
with 100% acetonitrile and dried under vacuum. All gel pieces were 
incubated with 12.5 ng/µl sequencing grade trypsin (Roche Molecular 
Biochemicals) in 25 mMAmBic overnight at 37°C. After digestion, the 
supernatants were separated. Peptides were further extracted from the 
gel pieces into 50% ACN, 0.1% trifluoroacetic acid. For each extraction, 
samples were incubated for 10 min in and orbital shaker. All extracts 
were pooled, and the volume was reduced by SpeedVac. In order to 
obtain a suitable sample for mass spectrometry analysis the pellet was 
resuspendedin 25μL of 0.1% TFA in water, and was desalted and 
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concentrated using C18 ZipTips (Millipore). Tryptic peptides were 
sequentially eluted with 5 μL of 70% acetonitrile with 0.1% TFA in water. 
MALDI-TOF MS  
Samples were spotted following the dried-droplet method where 1 μl 
reconstituted in-gel digest sample was spotted initially on a 
BigAnchorChip target plate (BrukerDaltonics), followed by 1 μl of matrix 
(10 mg/ml  -cyano-4-hydroxycinnamic acid matrix (BrukerDaltonics) in 
50% ACN, 0.1% trifluoroacetic). Sample and matrix mixture was left to 
dry at room temperature. Mass spectra were obtained on 
aUltrafleXtreme (BrukerDaltonics, Bremen, Germany) matrix-assisted 
laser desorption ionization–tandem time of flight (MALDI-TOF/TOF) mass 
spectrometer. Mass spectra were recorded in the positive ion 
reflectronmodein the mass range of 700–3500 Da.Operating conditions 
were as follows: ion source 1 = 25.00 kV, ion source 2 = 24.40 kV, lens 
voltage = 8.50 kV, reflector voltage = 26.45 kV, optimized pulsed ion 
extraction time = 130ns, matrix suppression = 500 Da. All mass spectra 
were externally calibrated using a standard peptide mixture (Bruker); 
calibration was considered good when a value below 1 ppm was 
obtained. For MS analysis, 1500 single-shot spectra were accumulated by 
recording 50-shot spectra at 10 random positions using fixed laser 
attenuation. 
Database Search 
For peptide mass fingerprinting analysis, ProteinScape software 
(Bruker) supported by the Mascot search engine (Matrix Science) was 
used with the following parameters: SWISS-PROT non-redundant 
database filtered by homo sapiens taxonomy,two missed cleavage 
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permission, 50-ppm measurement tolerance. Carbamidomethylation of 
cysteines was set as a fixed modification and methionine oxidation was 
set as a variable modification.Positive identifications were accepted with 
a Mascot score higher than that corresponding to a P value of 0.05. 
Ethics 
This clinical study was registered as ISRCTN12871246 and conducted 
in Sant Joan de Déu University Hospital (Barcelona, Spain), without 
support from industry, after approval by the Institutional Review Board 
of Sant Joan de Déu University Hospital, and after written informed 
consent by each patient. 
Data analysis and statistical methods 
The acquired CPMG NMR spectra were phased, baseline corrected 
and referenced to the chemical shift of the α-glucose anomeric proton 
doublet at 5.23 ppm. Pure compound references in BBioref AMIX 
(Bruker), HMDB and Chenomx databases were used for metabolite 
identification. After baseline correction, intensities of each 1H-NMR 
regions identified in the CPMG 1D-NMR spectra were integrated for each 
sample entering the study using the AMIX 3.8 software package (Bruker, 
GmBH). 
LC-MS (C18 and HILIC ESI+ mode) data were processed using the 
XCMS software [24] (version 1.36.0) to detect and align features. A 
feature is defined as a molecular entity with a unique m/z and a specific 
retention time. XCMS analysis of these data provided a matrix containing 
the retention time, m/z value, and integrated peak area of each feature 
for every serum sample extraction discussed above. The tab-separated 
text files containing LC-MS data were imported into Matlab where QC 
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samples were used to filter analytical variation (section 2.1.2). Then 
univariate statistical analysis was performed using robust statistics (Yuen 
test). Differentially regulated metabolites (fold>1.5) that passed our 
statistical criteria (p-value<0.01) were characterized by LC-qTOF MS/MS 
and identified using Metlin database. Finally, identified metabolites by 
matching MS/MS spectra with databases were additionally quantified by 
LC-QQQ MS in MRM mode.  
 
RESULTS 
Biochemical changes 
Different biochemical parameters involved in PCOS disease were 
monitored in PCOS and control women. Table 1 shows mean values and 
p-values for each condition. PCOS women presented statistically 
increased levels of testosterone, dehydroepiandrosterone sulfate 
(DHEAS) and leptin. Levels of superoxide dismutase (SOD) were 
statistically decreased in PCOS patients.   
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 CTR PCOS p-value 
Age  17.2 ± 0.4 16.3 ± 0.4 0.15 
BW 3336.4 ± 48.7 3154.2 ± 142.4 0.46 
GA 39.5 ± 0.3 39.9 ± 0.4 0.48 
BW SDS 0.3 ± 0.1 -0.2 ± 0.4 0.58 
Wt 58.8 ± 1.8 58.2 ± 1.2 0.92 
Ht 163.9 ± 1.3 160.0 ± 1.5 0.06 
BMI 21.8 ± 0.6 22.8 ± 0.5 0.23 
BMI SDS 0.2 ± 0.2 0.5 ± 0.2 0.16 
WBC  7.3 ± 0.3 7.8 ± 0.5 0.26 
Neutrophils 4.1 ± 0.3 4.4 ± 0.5 0.63 
Lymphocytes 2.2 ± 0.1 2.5 ± 0.22 0.41 
N/L 1.9 ± 0.2 2.0 ± 0.4 0.51 
oGTT 89.1 ± 1.5 85.4 ± 2.0 0.14 
Testosterone 32 ± 2.4 64.2 ± 10.2 0.05 
DHEAS 222.1 ± 27.8 280.8 ± 31.5 0.03 
Leptin 13.9 ± 2.3 20.9 ± 2.7 0.05 
PCRUS 0.7 ± 0.2 1.1 ± 0.2 0.14 
SOD 6.1 ± 0.3 5.4 ± 0.2 0.03 
Table 1. Biochemical parameters. Data are represented as mean±standard error of 
the mean (SEM). P-values are calculated from a robust Yuen test. BW: birth weight, 
GA: gestational age, BW SDS: Birth weight standard desviation, Wt: weight, Ht: height, 
BMI: body mass index, BMI SDS_ body mass index standard desviation, WBC: white 
blood cells, N/L: Neutrophils/Lymphocytes, AST: aspartate transaminase, ALT: alanine 
aminotransferase, oGTT: oral glucose tolerance test, DHEAS: dehydroepiandrosterone 
sulphate PCRUS: protein c reactive ultrasensible, SOD: superoxid dismutase 
 
Lipoprotein Profile  
Our metabolomic study includes a lipoprotein profile obtained based 
on an existing NMR procedure previously described [7]. In brief, 1H NMR 
spectra were recorded at 310 K on a Bruker Avance III 600 spectrometer 
operating at a proton frequency of 600.20 MHz (14.1 T). We used the 
double stimulated echo (DSTE) pulse program with bipolar gradient 
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pulses and a longitudinal eddy current delay (LED). The relaxation delay 
was 2 s, the free induction decays (FIDs) were collected into 64K complex 
data points and 32 scans were acquired on each sample. The gradient 
pulse strength was increased from 5 to 95% of the maximum strength of 
53.5 Gauss cm-1 in 32 steps. The squared gradient pulse strength was 
linearly distributed. 
The methyl signal was surface fitted using eight Lorentzian functions 
as previously reported [7]. The average diffusion coefficients obtained 
for each function were used to calculate an average size by means of the 
Stokes-Einstein equation. According to these NMR-derived lipoprotein 
sizes, functions 2 to 8 were associated with 1 VLDL, 2 LDL, and 4 HDL 
lipoprotein subclasses, respectively. For simplification, functions 7 to 8 
were grouped to obtain the small HDL subclass. Thus, our NMR-derived 
lipoprotein subclasses were defined as VLDL, large LDL, small LDL, large 
HDL, medium HDL, and small HDL.. 
Figure 2 shows the serum lipoprotein profile of PCOS and control 
women. Levels of VLDL, small LDL and large LDL are increased in PCOS 
patients relative to controls. In contrast, the abundance of large, 
medium and small HDL subfractions are decreased in PCOS. Figure 2B 
shows a descriptive table with the percentage of variation for each 
subfraction. Every lipoprotein subfraction showed significant differences 
between PCOS and control women; however, the greatest variation is 
associated with large HDLs. All together, our NMR characterization of 
lipoprotein subclasses in serum reveals a dyslipidemic profile in women 
with PCOS. 
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Figure 1. Lipoprotein profile measured by NMR. (A) Row-wise normalized areas 
showed as mean±sem. VLDL: very low-density lipoprotein, lLDL: large low-density 
lipoprotein, sLDL: small low-density lipoprotein, lHDL: large high-density lipoprotein, 
mHDL: medium high-density lipoprotein, sHDL: small high-density lipoprotein (B) p-
values obtained after robust Yuen test and percentage of variation for each 
subfraction.   
Metabolic changes induced by PCOS    
Untargeted metabolomics using NMR and LC-qTOF MS reveals 
different disregulated metabolites in women with PCOS. We quantified 
the relative abundance of metabolites in serum by comparing the 
normalized integrated area of NMR resonances and the integrated area 
of each feature using the XCMS software [9] for mass spectrometry data. 
In addition, we confirmed the quantitative and statistical differences of 
every metabolite by means of their quantitation using LC-QqQ MS in 
MRM mode. Table 2 shows p-values and percentage of variation of those 
metabolites that vary significantly between healthy and women with 
PCOS.   
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 p-value % variation 
Methionine 5.04E-05 -344 
Methionine Sulfoxide 1.77E-03 40 
5-oxoproline 4.98E-03 39 
Taurine 1.53E-02 28 
Glu-Cys 1.56E-04 37 
Glu-Glu 2.70E-02 35 
Glutamate 4.04E-03 33 
GSH 3.60E-02 34 
GSH/GSSG 2.30E-02 29 
Glu-Taurine* 3.03E-07 73 
Glycine 3.10E-02 -18 
Table 2. Metabolites quantified by LC-QqQ MS in MRM mode. P-values (robust 
Yuen test) and percentages of variation are shown. Glu: glutamate, cys: cysteine, GSH: 
glutathione, GSH/GSSG: glutathione/oxidated glutathione. A negative % variation value 
indicates down-regulation in PCOS relative to control women, and vice versa. *Glu-
taurine could not be quantified by LC-QqQ in MRM mode due to the lack of pure 
standard. Values for Glu-taurine are from the LC-qTOF profiling.  
 
Most metabolites identified in our untargeted metabolomic 
approach are involved in the γ-glutamyl cycle (Figure 1), which is a 
metabolic cycle for transporting amino acids into cells and plays a role 
for the synthesis and degradation of glutathione. Dipeptides (Glu-Glu, 
Glu-Tau or Glu-Cys), amino acids (glutamate, 5-oxoproline or taurine), 
GSH and the GSH/GSSG ratio were significantly increased in women with 
PCOS. In contrast, glycine levels were found significantly decreased in 
PCOS. All together, these results point to increasing activation of γ-
glutamyl cycle in PCOS, which could be attributed to the necessity of 
compensating oxidative stress in these women.  
Moreover, our results show an inverse behaviour of methionine and 
methionine sulfoxide. Oxidation of methione residues in apo-AI have 
been associated with impaired reverse of cholesterol in HDL [10], which 
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would partly explain the differences in HDL subclasses by NMR. Since 
apo-AI is the major protein component of HDLs and one of the most 
abundant proteins in normal human plasma [11], we hypothesize that 
women with PCOS present greater oxidation of methionine residues in 
apo-AI relative to healthy women, and that the increased levels of free 
methionine sulfoxide in PCOS serum may result from the turnover and 
degradation of these apo-AI proteins. 
 
 
Figure 2. Identified metabolites from the γ-glutamyl cycle. The plots show 
abundance (i.e., intensity) of metabolite in each sample and trimmed mean (control in 
black and PCOS in red).  
 
Quantitative analysis of the MetOx/Met ratio in apo AI by MALDI-
TOF MS 
To test the hypothesis that women with PCOS suffer from increased 
oxidation of methionine residues in apo-AI, we performed a proteomic 
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study measuring the ratio of methionine sulfoxide/methionine in apo-AI. 
Concretely, we were interested in the ratio of Met-148 residue, because 
Met-148 residue is involved in the LCAT activation domain of apo-AI [12].  
Our proteomic analysis by MALDI-TOF MS showed a significant 
increase of the methionine oxidation/methionine ratio in women with 
PCOS relative to controls (robust Yuen test, p=6.3x10-4). Furthermore, a 
positive and statistically significant correlation between methionine 
sulfoxide/methionine in apo-AI and free methionine sulfoxide in serum 
was observed (Figure 3). 
 
 
 Figure 3. Correlation between methionine sulfoxide in serum and the oxidation 
state of apo-AI. Oxidation of apo-AI is calculated as the ratio of oxidized Met-148/Met-
148 obtained by MALDI-TOF MS.    
 
These results suggest that levels of methionine sulfoxide in serum 
are directly associated with the oxidation level of apo-AI. Moreover, we 
found a negative correlation between the number of large HDL particles 
and methionine sulfoxide in serum (Figure 4), which reinforced our 
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hypothesis that levels of methionine sulfoxide in serum reflect HDL 
oxidation . 
 
 
Figure 4. Negative correlation between methionine sulfoxide in serum and number 
of large HDL particles.  
 
These results together suggest that levels of methionine sulfoxide in 
serum, MetOx-148/Met-148 ratio in apo-AI and levels of large HDL may 
represent a novel axis to study dyslipidemia.   
 
DISCUSSION  
Oxidative stress is present in many disorders related to insulin 
resistance including PCOS. It is the result of an imbalance between the 
production of reactive oxigen species (ROS) and their inactivation by 
antioxidant systems in cells and tissues [13]. Low levels of antioxidant 
enzymes such as SOD in women with PCOS may contribute to the 
detrimental effects of ROS. Our results indicate that women with PCOS 
activate the biosynthesis of glutathione (GSH) through the γ-glutamyl 
cycle to compensate their oxidative imbalance (i.e., redox status) [14]. 
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This is reflected in greater levels of GSH (and GSH/GSSG ratio) in PCOS. 
An imbalance in the antioxidant protective mechanism has being 
identified as a common factor in atherosclerotic diseases [15], diabetes 
[16], metabolic syndrome [17] and PCOS [18].  
This oxidative state can cause oxidative modifications in lipoproteins 
[19]. It is well known that PCOS women commonly presents dyslipidemia 
which usually includes low HDL cholesterol, high LDL cholesterol and 
high triglyceride concentrations [20]. Women with PCOS show an 
increased cardiovascular risk due in part to this dyslipidemia [20]. 
However, the cause of an atherogenic profile in PCOS women is still 
unknown [21]. Oxidative modifications are considered an initial step in 
lipoprotein conversion into more atherogenic particles [10]. Increased 
oxidation of plasma LDL and accumulation of oxidatively modified LDL 
(oxLDL) in macrophages in the arterial wall are characteristic of the early 
stages of atherogenesis [22]. In contrast, HDL cholesterol is generally 
associated with lower risk of cardiovascular disease [23]. Concretely, 
HDL-C is generally associated with atheroprotective properties, which 
include mediation of reverse cholesterol trasnsport. The functional 
status of HDL is closely linked to its primary protein component, apo-AI, 
an abundant apolipoprotein whose plasma concentrations are inversely 
correlated with the incidence of coronary artery disease [24]. 
However, recent studies have cast some doubt on the “good 
cholesterol” HDL hypothesis [10,25,26]. Shao et. al. demonstrated that 
oxidation of methionine residues in apo-AI impairs reverse cholesterol 
transport by HDL [10]. Specifically, the oxidation of Met-148 in apo-AI 
impairs apo-AI’s ability to activate lecithin cholesterol acyltransferase 
UNIVERSITAT ROVIRA I VIRGILI 
MASS SPECTROMETRY AND NUCLEAR MAGNETIC RESONANCE BASED METABOLOMICS APPLIED TO THE STUDY OF POLYCYSTIC OVARY SYNDROME 
Sara Samino Gené 
Dipòsit Legal: T.63-2014 
 
Results 
163 
(LCAT) [10]. LCAT is the enzyme responsible for transforming nascent 
HDL into spherical HDL particles containing a central hydrophobic core of 
cholesteryl esters and an outer layer composed of apo-AI and 
phospholipids. Therefore, oxidation of Met-148 in apo-AI impairs reverse 
cholesterol transport [10].  
Our NMR lipoprotein study shows lower number of large (i.e., 
mature) HDL particles in PCOS relative to control women. Together with 
the increased oxidation of Met-148 residues in apo-AI in women with 
PCOS, our results suggest reduced ability to activate LCAT in PCOS, which 
would prevent the formation of mature HDL particles. To the best of our 
knowledge, loss of LCAT activity has not been reported in women with 
PCOS. Rajkhowa, et al. [20] measured the concentration of apo-AI in HDL 
particles, but they did not find any statistical difference between control 
and PCOS women. We did not measure the total amount of apo-AI, 
however, our  (and previous) results would indicate that HDL 
functionality is not regulated by protein concentration but by post-
translational modifications such as oxidation in methionine residues. 
Therefore, the atherogenic profile of women with PCOS would result 
from an elevated oxidative stress that, in turn, impact HDL functionality 
through oxidation of apo-AI. Moreover, increased oxidation of 
methionine residues in apo-AI has been described previously in type 1 
diabetes [27], but no relationship has been done with LCAT activity in 
those patients.  
The same dyslipidemia associated with PCOS is also characteristic of 
metabolic syndrome, which is associated with type 2 diabetes and 
cardiovascular disease. Women with PCOS have a higher risk of 
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developing type 2 diabetes [6] and cardiovascular disease [28]. We 
should emphasize, however, that our patients do not present any 
evidence of glucose intolerance (p-value>0.05) at the moment of the 
study. So we can consider them as pre-diabetic. Therefore, the 
measurement of methionine sulfoxide and HDL subfractions together 
with the ratio of methionine oxidation in apo-AI can be a novel early 
biomarker to predict the development of metabolic syndrome and its 
complications. Such measurements can complement other diagnostic 
tools to identify patients at a risk for developing diabetes. 
  
CONCLUSIONS  
Women with PCOS typically present cardiovascular risk factors such 
as obesity, hyperinsulinemia, impaired glucose tolerance, 
hyperandrogenemia or dyslipidemia that can lead to serious 
endocrinological, metabolic and cardiovascular disorders. However, 
women diagnosed with PCOS at an early stage, such as those of our 
study, do not present all these adverse features. Therefore, elevated 
levels of methionine sulfoxide in serum, oxidized methionine-148 in apo-
AI, and the lipoprotein profile might constitute earlier biomarkers of 
metabolic syndrome. 
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2.2.2 Metabolic responses to pharmacological therapies in 
PCOS 
Metabolomics reveals reduction of metabolic oxidation in 
women with polycystic ovary syndrome after pioglitazone-
flutamide-metformin polytherapy 
 
SUMMARY 
Polycystic ovary syndrome (PCOS) is a variable disorder 
characterized by a broad spectrum of anomalies, including 
hyperandrogenemia, insulin resistance, dyslipidemia, body 
adiposity, low-grade inflammation and increased cardiovascular 
disease risks. Recently, a new polytherapy consisting of low-dose 
flutamide, metformin and pioglitazone in combination with an 
estro-progestagen resulted in the regulation of endocrine clinical 
markers in young and non-obese PCOS women. However, the 
metabolic processes involved in this phenotypic amelioration 
remain unidentified. In this work, we used NMR and MS-based 
untargeted metabolomics to study serum samples of young non-
obese PCOS women prior to and at the end of a 30 months 
polytherapy receiving low-dose flutamide, metformin and 
pioglitazone in combination with an estro-progestagen. Our results 
reveal that the treatment decreased the levels of oxidized LDL 
particles in serum, as well as downstream metabolic oxidation 
products of LDL particles such as 9- and 13-HODE, azelaic acid and 
glutaric acid. In contrast, the radiuses of small dense LDL and large 
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HDL particles were substantially increased after the treatment. 
Clinical and endocrine-metabolic markers were also monitored, 
showing that the level of HDL cholesterol was increased after the 
treatment, whereas the level of androgens and the carotid intima-
media thickness were reduced. Significantly, the abundance of 
azelaic acid and the carotid intima-media thickness resulted in a 
high degree of correlation. Altogether, our results reveal that this 
new polytherapy markedly reverts the oxidant status of untreated 
PCOS women, and potentially improves the pro-atherosclerosis 
condition in these patients. 
 
INTRODUCTION 
Hyperandrogenemia, insulin resistance, a state of low-grade 
inflammation, body adiposity and a pro-atherogenic lipid profile 
are usually present in adolescents and young women with 
polycystic ovary syndrome (PCOS) [1,2,3]. Previous reports have 
evidenced that the PCOS phenotype can also concur with primary 
alterations of lipid metabolism involving increased levels of 
oxidized LDL (oxLDL) particles [4,5,6]. Accordingly, PCOS may 
accelerate the development of a cardiovascular-risk profile even in 
the absence of clinical signs of atherosclerosis. Whether this 
adverse pro-atherogenic profile and the enhanced oxidant status 
may increase the risk for cardiovascular disease remains unclear 
[7,8,9]. 
Most current pharmacological therapies are addressed to 
ameliorate menstrual irregularities and cosmetic issues. There is a 
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clear need, however, for treatments that also improve endocrine-
metabolic markers associated with this disorder. Low-dose 
flutamide (Flu, a pure androgen receptor blocker) and metformin 
(Met, an insulin sensitizer) in combination with an estro-
progestagen, is a polytherapy that reduces total and abdominal fat, 
decreases the lean mass deficit, and attenuates the abnormal 
pattern of adipokines in young and non-obese PCOS women [1]. 
Recently, it has been reported that the addition of low-dose 
pioglitazone (Pio, a PPARγ agonist) to the aforementioned 
polytherapy confers further reductions of visceral fat and carotid 
intima-media thickness (IMT), and increases further circulating 
high molecular-weight (HMW) adiponectin [10,11,12,13]. Although 
the phenotypic evidences demonstrate endocrine-metabolic 
improvements in a wide spectrum of long-term health markers, the 
molecular mechanisms underlying such polytherapy remain to be 
elucidated.  
An approach to explore the metabolic changes in PCOS women 
caused by this new treatment is metabolomics, defined as the 
metabolic complement of functional genomics. Metabolomics 
enables the characterization of endogenous small molecules that 
serve as direct signatures of biochemical activity and therefore are 
easier to correlate with phenotype. With the ultimate goal of the 
comprehensive metabolome coverage, there is an overriding need 
for analytical methodologies able to produce comprehensive 
metabolite profiles from complex biological samples. However, due 
to the huge physico-chemical diversity of metabolites, there is not 
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a unique analytical technology able to cope with the whole 
metabolome. Mass spectrometry (both GC-MS and LC-MS) and 
NMR have demonstrated to be complementary analytical 
technologies in metabolomics-based studies [14,15,16], allowing to 
expand the number of metabolites that can be comprehensively 
covered in an untargeted experiment. Advantages and 
disadvantages of each analytical technique and their current status 
in the field of metabolomics are excellently reviewed elsewhere 
[17,18,19,20]. 
Here we present a longitudinal study to reveal the mechanism 
of action of the low-dose Pio/Flu/Met polytherapy using 
metabolomics. We analyzed using LC-MS, GC-MS and NMR-based 
metabolomics serum samples of twelve young, non-obese women 
diagnosed with PCOS, prior to and at the end of a 30 months 
treatment with low-dose Pio/Flu/Met in combination with an oral 
estro-progestagen. Our results show that at the end of the 
treatment there are marked changes in the size of different 
lipoprotein particles, in conjunction with downstream metabolic 
oxidation products of LDL particles. 
 
METHODS 
Participants  
The study population consisted of twelve young, non-obese 
women (age, 19.6 ± 0.4 yr; BMI, 22.3 ± 0.9 Kg/m2) diagnosed with 
PCOS, participating in a randomized study [11], and whose 
metabolomic profiles were assessed at baseline and after 30 
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months of treatment. Over 30 months, all women received the 
same therapy for 24/28 days/ pioglitazone (7.5 mg/d) at breakfast, 
and metformin (850 mg/d), flutamide (62.5 mg/d) and a 
contraceptive (ethinylestradiol 20 µg/d plus drospirenone 3 mg/d; 
Yasminelle, Schering) at dinner time.  
The inclusion criteria were: 1) hyperinsulinemia on a standard 
2-h oral glucose tolerance test, defined as peak insulin levels >150 
U/mL and/or mean serum insulin >84µU/mL; 2) ovarian 
hyperandrogenism, as defined by each of the following symptoms: 
hirsutism (Ferriman & Gallwey score >8); amenorrhea (no menses 
for >3 months) or oligomenorrhea (duration of cycles > 45 days);  
biochemical androgen excess, as judged by circulating 
androstenedione, total testosterone or free androgen index  [FAI, 
testosterone x 100/sex hormone-binding globulin (SHBG)];  17-OH-
progesterone hyperresponse (>160 ng/dL) to GnRH agonist 
stimulation (leuprolide acetate 500 µg subcutaneously) [10].  
The main exclusion criteria were: BMI <17 Kg/m2 or >29 
Kg/m2; evidence of thyroid dysfunction; Cushing syndrome or 
hyperprolactinemia; glucose intolerance; personal history of 
diabetes mellitus; late-onset adrenal hyperplasia; abnormal liver or 
kidney function; abnormal blood counts or serum electrolytes; and 
treatment with an oral contraceptive or another medication known 
to affect gonadal or adrenal function, carbohydrate or lipid 
metabolism. 
Patients were selected based on available serum samples pre- 
and post-treatment. PCOS patients receiving placebo for 30 
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months did not meet ethical requirements and were not included 
in the clinical study. Blood sampling was performed at baseline and 
after 30 months on a cyclic off-treatment day (4/28 days). For 
metabolomics analysis, serum samples (600 μL) were obtained 
allowing plasma to clot at room temperature for 30 min. After 
centrifugation at 4 °C at 10,000 g for 10 min, samples were 
maintained at - 80 °C until further analysis.  
Experimental Procedures 
Clinical and endocrine-metabolic variables, carotid IMT, body 
composition [by dual-energy X-ray absorptiometry (DXA)] and 
abdominal fat partitioning [by magnetic resonance imaging (MRI)] 
were assessed prior to and at the end of the treatment as 
previously described [9,10,11,12]. Sampling was performed in the 
follicular phase of the cycle, or after 2 months of amenorrhea. 
Hirsutism was graded according to the Ferriman and Gallwey score 
[11]. Fasting blood glucose, serum insulin, LDL- and HDL-
cholesterol, sex hormone-binding globulin (SHBG), testosterone, 
androstenedione and dehydroepiandrosterone-sulfate (DHEAS), 
carotid IMT, body composition and abdominal fat partitioning were 
measured as previously described [10,11,12,13].  
Untargeted metabolomics analysis on serum samples was 
performed using three different analytical platforms: NMR, GC-MS 
and LC-ESI-MS TOF; each serum sample was split into three 
aliquots and run in parallel using the three analytical platforms.  
For the NMR measurement 300 μL of serum were mixed with 
300 μL of phosphate buffer (0.75 mM Na2HPO4 adjusted at pH 7.4, 
UNIVERSITAT ROVIRA I VIRGILI 
MASS SPECTROMETRY AND NUCLEAR MAGNETIC RESONANCE BASED METABOLOMICS APPLIED TO THE STUDY OF POLYCYSTIC OVARY SYNDROME 
Sara Samino Gené 
Dipòsit Legal: T.63-2014 
 
Results 
175 
and 20% D2O to provide the field frequency lock). The final solution 
was transferred to a 5 mm NMR tube and kept refrigerated at 4ºC 
in the autosampler until the analysis. 
1
H-NMR spectra were 
recorded at 310 K on a Bruker Avance III 600 spectrometer® 
operating at a proton frequency of 600.20 MHz using a 5 mm CPTCI 
triple resonance (
1
H, 
13
C, 
31
P). Three different 
1
H-NMR pulse 
experiments were performed for each sample/ 1) Nuclear 
Overhauser Effect Spectroscopy (NOESY)-presaturation sequence 
to suppress the residual water peak; 2) Carr-Purcell-Meiboom-Gill 
sequence (CPMG, spin-spin T2 relaxation filter) with a total time 
filter of 410 ms to attenuate the signals of serum macro-molecules 
to a residual level; 20 ppm spectral width and a total of 64 
transients collected into 64 k data points, and 3) Diffusion-edited 
pulse sequence with bipolar gradients along with longitudinal 
eddy-current delay (LED) to further estimate the serum lipoprotein 
profile according to our recent described methodology [21].  
The second aliquot was used for GC-MS analysis according to 
Agilent’s specifications [22]. 100 μL of serum were spiked with 20 
μL of internal standard solution (1 μg/μL succinic-d4 acid; Sigma-
Aldrich). After protein precipitation using 900 μL of cold 
methanol/water (8/1 v/v) samples were centrifuged 10 minutes at 
4ºC, and 200 μL of the supernatant were spiked with 20 μL of 
myristic acid-d27 (Sigma Aldrich) used for retention time lock. 
Samples were then lyophilized, and dissolved and incubated in 50 
μL of methoxyamine in pyridine (0.3 μg/μL) during 16 hours at 
room temperature. Derivatization by silylation reagents was done 
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using 30 μL of N-methyl-N-trimethylsilyltrifluoroacetamide with 1% 
trimethylchlorosilane (MSTFA + 1% TMCS, Sigma) during 1 hour at 
room temperature. Samples were automatically injected into a 
GC–MS system (HP 6890 Series gas chromatograph coupled to a 
mass selective detector model 5973) equipped with a J&W 
Scientific DB 5-MS+DG stationary phase column (30 m × 0.25 mm 
i.d., 0.1 μm film) (Agilent Technologies). The injector temperature 
was set at 250 ºC, and the helium carrier flow rate was kept 
constant at 1.1 mL/min. The column temperature was held at 60 ºC 
for 1 min, then increased to 325ºC at a rate of 10 ºC/min and held 
at 325ºC for 10 min. The detector operated in the electron impact 
ionization mode (70 eV) and mass spectra were recorded after a 
solvent delay of 4 min with 2.46 scans per second (mass scanning 
range of m/z 50–600; threshold abundance value of 50 counts). 
The source temperature and quadrupole temperature were 230 
and 150 °C, respectively.  
The third aliquot was filtered through a 0.22 μm nylon 
membrane filter and directly injected in a HPLC system (1200 
series, Agilent Technologies) coupled to a time-of-flight (TOF) mass 
spectometer (6210 Agilent Technologies) operated either in 
positive (ESI+) or negative (ESI-) electrospray ionization in full scan 
mode. Serum extractions were separated using a Kinetex C18, 2.6 
μm, 150 x 2.1 mm, 100 A (Phenomenex, Torrance, CA) at a flow 
rate of 0.4 mL/min. The solvent system was: A= 0,1% formic acid in 
water; B= 0,1% formic acid in acetonitrile (ACN). The gradient 
profile started linearly from 2% to 20% buffer B in 3 min and was 
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followed by another linear gradient from 20% to 100% buffer B in 
18 min and hold for 7 min at 100% buffer B.The injection volume 
was 15 μL. The instrument was set to acquire over the m/z range 
80-1000 with an acquisition rate of 1.3 spectra/second. MS/MS 
data of the metabolites of interest was collected using an HPLC-ESI 
QqQ system (6410, Agilent Technologies) using identical LC 
conditions. 
Quality control samples (QCs) consisting of pooled serum 
samples of all patients entering the study were used. In our LC-MS 
platform, QCs were injected before the first study samples were 
analyzed and then periodically after 5-study samples. For GC-MS, 
QCs were injected periodically after 10-study samples. In addition, 
to begin with the chromatographic analysis, injection of 3 blank 
runs were performed both in LC-MS and GC-MS. Furthermore, 
samples entering the study were entirely randomizedto reduce 
systematic error associated with instrumental drift. 
Ethics 
This clinical study was registered as ISRCTN12871246 and 
conducted in Sant Joan de Déu University Hospital (Barcelona, 
Spain), without support from industry, after approval by the 
Institutional Review Board of Sant Joan de Déu University Hospital, 
and after written informed consent by each patient.  
Data analysis and statistical methods 
The acquired CPMG NMR spectra were phased, baseline-
corrected and referenced to the chemical shift of the α-glucose 
anomeric proton doublet at 5.22 ppm. Pure compound references 
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in BBioref AMIX (Bruker); HMDB and Chenomx databases were 
used for metabolite identification. After baseline correction, 
intensities of each 
1
H-NMR regions identified in the CPMG 1D-NMR 
spectra were integrated for each sample entering the study using 
the AMIX 3.8 software package (Bruker, GmBH). To identify 
discriminating markers, intensities of each of the identified spectral 
regions in the untreated PCOS serum spectra were compared 
against the same spectral regions on their treated counterparts 
using principal component analysis (PCA) of the auto-scaled within-
subject variation dataset derived from multilevel simultaneous 
component analysis (MSCA) [23] and the non-parametric 
Wilcoxon-rank summed test. LC-MS (ESI+ and ESI- mode) and GC-
MS data were processed using the XCMS software [24](version 
1.6.1) to detect and align features. A feature is defined as a 
molecular entity with a unique m/z and a specific retention time. 
XCMS analysis of these data provided a matrix containing the 
retention time, m/z value, and integrated peak area of each 
feature for every serum sample extraction discussed above. The 
tab-separated text files containing GC-MS data were imported into 
Matlab where normalization to internal standard succinic acid-d4 
was also performed. QCs were always projected in a PCA model 
together with the study samples to verify that technical issues do 
not mask biological information. Basal PCOS samples and their 
treated counterparts were compared using the integrated peak 
area of each feature via PCA of the auto-scaled within-subject 
variation dataset derived from MSCA and the non-parametric 
UNIVERSITAT ROVIRA I VIRGILI 
MASS SPECTROMETRY AND NUCLEAR MAGNETIC RESONANCE BASED METABOLOMICS APPLIED TO THE STUDY OF POLYCYSTIC OVARY SYNDROME 
Sara Samino Gené 
Dipòsit Legal: T.63-2014 
 
Results 
179 
Wilcoxon-rank summed test, and assigning a fold value to indicate 
the level of differential regulation due to the 30-months treatment. 
Differentially regulated metabolites (fold>2) that were statistically 
significant (p<0,05) detected by LC-MS were characterized by 
MS/MS using a LC-QqQ instrument. Differentially regulated 
metabolites detected by GC-MS were identified using the NIST and 
Fiehn mass spectral libraries. In addition, the retention time of 
pure standards were confirmed. Data (pre-) processing, data 
analysis, and statistical calculations were performed in Matlab 
(Matlab version 6.5.1, Release 13). The MSCA matlab code was 
downloaded and adapted from www.bdagroup.nl.  
 
RESULTS 
Low-dose Pio/Flut/Met polytherapy improves biochemical 
long-term health markers in PCOS patients  
A series of biochemical parameters were initially monitored in 
PCOS patients prior to and at the end of the 30 months treatment. 
The results summarized in Table 1 indicate that the treatment 
caused a broad spectrum of biochemical adjustments, including a 
marked reduction in serum concentrations of androgens such as 
testosterone (-41±9%, p=0.0026) and androstenedione (-35±5%; 
p=0.003), whereas insignificant changes in body weight were 
measured. The carotid IMT was markedly reduced (-33±3%; 
p=3.0×10-5) after the treatment, and it was accompanied by a 
significant augment of HDL cholesterol levels in serum (34±5%, 
p=0.005). In addition, some PCOS patients decreased their visceral 
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fat mass considerably after the treatment. Of note, markers of liver 
dysfunction such as transaminases and lactate dehydrogenase 
remained unaltered (data not shown). Overall, these changes are 
clinically associated with a phenotypic improvement in PCOS 
patients after the treatment, and complement the metabolomic 
analysis.  
 At baseline At 30 mo p 
N 12 12  
Age (yr) 19.6 ± 0.4  - 
BMI (Kg/m2) 22.3 ± 0.9 22.6 ± 1.0 0.9770 
Score F&G 16.1 ± 1.2 8.1 ± 0.6 0.0001 
Total cholesterol (mg/dl) 164 ± 7 184 ± 8 0.0606 
HDL-cholesterol (mg/dl) 50 ± 2 68 ± 4 0.0055 
LDL-cholesterol (mg/dl) 101 ± 6 96 ± 5.0 0.7726 
Triglycerides (mg/dl) 65 ± 5 99 ± 9 0.0093 
Testosterone (ng/dl) 76 ± 6 47 ± 7 0.0026 
SHBG (µg/dL) 1.0 ± 0.1 4.6 ± 0.2 4.0X10
-5
 
FAI 8.8 ± 1.6 1.0 ± 0.2 4.0X10
-5
 
Androstendione (ng/dl) 440 ± 44 279 ± 23 0.0030 
DHEAS (µg/dl)  264 ± 34 207 ± 31 0.2365 
Carotid IMT (mm) 0.46 ± 0.02 0.31 ± 0.01 3.5X10
-5
 
Subcutaneus fat mass 
(cm2) 
151.8 ± 19.5 155.6 ± 21.6 0.8852 
Visceral fat mass (cm2) 50.3 ± 4.5 40.4 ± 6.9 0.0783 
Visceral- to- 
subcutaneous ratio 
0.37 ± 0.04 0.28 ± 0.04 0.1484 
Table 1. Endocrine-metabolic markers, carotid IMT and abdominal fat 
partitioning at baseline and after 30 months of low dose Pio/Flu/Met 
polytherapy.Values are mean 6 SEM; BMI, body mass index; SHBG, sex 
hormone-binding globulin; DHEAS, dehydroepiandrosterone-sulfate; FAI, free 
androgen index; IMT, Intima-Media Thickness. 
 
Multivariate Data Analysis of PCOS Serum Samples 
Given the longitudinal nature of our study, we used a multilevel 
simultaneous component analysis (MSCA) method [23] to examine 
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independently different types of variation in the NMR and MS-
based metabolomic data, namely, variation between patients and 
variation in time within patients as a result of the polytherapy. 
MSCA enables to split the variation within-subjects that accounts 
for the variation before and after the treatment for each patient, 
from the variation between-subjects that accounts for the 
biological variation (i.e., genotype differences) in two different 
data matrices. The variation within-subjects is represented in the 
PCA plot of Figure 1. The PC1/PC2 scores plot of the 
1
H-NMR CPMG 
spin-echo experiment shown in Figure 1A reveals a clear clustering 
along PC1 (∼57% of the variance), which accounts for the post-
treatment variation of each patient. Figure 1B depicts the bar 
loading plot for PC1, the higher the absolute bar value the higher 
the influence of such variable in the variation induced by the 
treatment. Hence, PCOS serum samples at the end of the 
treatment were characterized by rather larger values of choline-
containing molecules and diminished values of 1,2-propanediol 
and lysine, among others. Similar PC1/PC2 scores plot was 
observed with the GC-MS and LC-MS derived data (Figure 1C and 
Figure 1F), confirming a profound metabolic variation within 
patients due to the 30 months polytherapy. Loadings bar plot were 
also studied and some of the features implicated in this variation 
were depicted as boxplots in Figures 1D-H. Altogether our MSCA 
model set apart the biological variation between patients and 
highlighted within-patient variation due to the Pio/Flu/Met 
polytherapy, showing clear differences in the relative 
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concentration of specific compounds in the serum of PCOS 
patients. Accordingly, we focused in the characterization of the 
most discriminating compounds of the MSCA model. 
 
 
Figure 1. Multivariate modelling of 1N-NMR, GC-MS and LC-ESI-TOF MS data. (A) 
PC1/PC2 scatter scores plot and (B) PC1 loading bar plot of PCA calculated on the 
within-subject matrix derived from the MSCA modelling of the 32 selected 
spectral regions identified in the 1H-NMR CPMG serum spectra of untreated (red 
markers) and treated (green markers) PCOS patients. (C) PC1/PC2 scatter scores 
plot of PCA calculated on the withinsubject matrix derived from the MSCA 
modelling of GC-MS data. Boxplots of (D) azelaic acid and (E) 1,2-proanediol, the 
two metabolites corresponding to the most discriminating features along the 
corresponding PC1 loadings bar plot. (F) PC1/PC2 scatter scores plot of PCA 
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calculated on the within-subject matrix derived from the MSCA modelling of LC-
ESI-TOF MS data. Boxplots of (G) 9- and 13-HODE, and (H) caprylic acid, the two 
metabolites corresponding to the most discriminating features along the PC1 
loadings bar plot. P-values derived from Wilcoxon rank-summed pairmatched 
comparison of untreated and treated PCOS patients. Mean 6 sem of the 
percentage of variation are also indicated. 
 
Analysis of serum 
1
H-NMR spectra 
The CPMG 
1
H NMR serum spectra are composed of overlapped 
resonances from low molecular weight metabolites such as amino 
acids or lactate and T2 lipoprotein attenuated signals. Figure 2A 
depicts representative CPMG 
1
H NMR spectra of a PCOS patient’s 
serum prior to and at the end to the 30 months Pio/Flu/Met 
polytherapy. Clear differences can be observed between the same 
serum sample prior to and after the 30 months treatment. The 
polytherapy induced lipoprotein rearrangements reflected in 
resonances attributable to both methylene (δ 1.25 ppm) and 
methyl (δ 0.85 ppm) terminal groups of fatty acids contained in LDL 
and VLDL particles. In contrast, a depletion of the 1,2-propanediol 
doublet at 1.14 ppm and the acetate broad singlet arising at 1.91 
ppm was observed after the treatment. Also, two prominent 
unidentified resonances arisen in the serum spectra of PCOS 
patients prior to the treatment were decreased as a result of the 
polytherapy. The first resonance corresponded to a broad singlet 
(multiplicity examined by 2D J-res) at 0.85 ppm, and the second 
unknown resonance was composed of three different peaks 
centered at 1.18 ppm which probably do not correspond with a 
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triplet signal because their intensities did not match exactly with 
the established 1/2/1 triplet intensity ratio.  
Table 2 summarizes the statistical values, detailed moieties 
assignments and structural identities of the metabolites analyzed 
using CPMG 
1
H NMR. The relative concentration of glutamate, 1,2-
propanediol, lysine, and succinate in serum samples was markedly 
decreased as a result of the treatment. In contrast, NMR signals 
attributed to N-(CH3)3 groups of choline-containing molecules were 
increased after the treatment. In addition, the three unknown 
NMR signals centered at 1.18 ppm, which match the characteristic 
pattern of resonances found in the serum spectra of patients with 
coronary heart disease (CHD) reported by Jankowski et al. [25], 
decreased in the spectra after the treatment. Such specific pattern 
of resonances corresponded to oxidized LDL particles, as 
demonstrated by Jankowski and co-workers when they compared 
the spectrum of lipoprotein subfractions of patients with CHD and 
LDL particles oxidized in vitro using Cu
2+
. To confirm the association 
of lipoprotein particles with these signals we precipitated serum 
proteins from untreated patients using cold-acetone and recorded 
the 
1
H-NMR spectra on the supernatant. As showed in Figure 2B, 
the three signals centered at 1.18 ppm disappeared after cold 
acetone precipitation, suggesting an association with lipoprotein-
related particles. Overall, our results suggest that the Pio/Flu/Met 
polytherapy has a dramatic effect on the lipoprotein profile of 
PCOS patients.  
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NMR   
Metabolite p-value Mean (% Variation)+SEM 
unknown (LDL-ox related 
structure) 
2.9E-03 -35+19 
1,2-propanediol 7.3E-04 -65+27 
unknown (LDL-ox related 
structure) 
7.3E-03 -24+27 
Lysine 4.9E-04 -45+4 
Acetates  5.8E-04 -55+6 
Glutamate 5.8E-04 -54+4 
Succinate 5.8E-04 -42+5 
sn-Glycero-phospocholine 1.1E-02 120+22 
unknown  7.3E-04 156+41 
unknown 7.3E-04 -35+5 
unknown (LDL-ox related 
structure) 
5.6E-03 -34+10 
GC-MS   
Metabolite p-value Mean(%Variation)+SEM 
1,2-propanediol 6.89E-03 -77+17 
Nonanoic acid 6.89E-03 -68+7 
Glutaric acid 4.21E-02 -91+6 
Glutamic acid 3.74E-03 -58+9 
Azelaic acid 2.11E-03 -96+4 
LC-MS   
Metabolite p-value Mean(%Variation)+SEM 
Caprylic  acid (C-8) 1.5E-02 183+13 
9/13-HODE 1.5E-02 -86+7 
Table 2. Summary of the metabolites found to be significantly varied in either 
analytical platform after 30 months low-dose Pio-Flu-Met polytherapy. 
Percentage of variation was calculated for each patient as the area of the 
spectral region or selected XCMS feature at baseline minus the area of the same 
feature or spectral region after the treatment relative to the former. Values are 
expressed as mean 6 SEM. A negative value indicates that levels of the 
corresponding metabolite resulted significantly decreased with the treatment 
while positive values indicate a significant increase. p-values correspond to 
Wilcoxon rank-summed test and FDR correction. Statistical significance was 
considered for those spectral regions or features having p-corrected values,0.05 
and fold changes.2; 
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Figure 2. CPMG 1H NMR spectra of a representative PCOS patient’s serum. (A) 
Comparative spectra at baseline and after 30 months of Pio/Flu/Met 
polytherapy. CPMG spin echo experiment allows filtering broad signals of lipid 
and lipoproteins enhancing low-molecular weight metabolites such as amino 
acids, lactate and intermediate metabolites. The inset displays an expanded d 
(0.75–1.5 ppm) spectral region showing two unidentified resonances 
characteristic of the serum spectra of untreated PCOS patients: a broad singlet 
arising at 0.85 ppm and three peaks centered at 1.18 ppm. (B) CPMG 1H-NMR 
spectra of the same untreated PCOS patient shown in Figure 2A before and after 
cold acetone precipitation. After acetone precipitation the three signals 
centered at 1.18 ppm were depleted, confirming the occurrence of oxidized 
lipoprotein-related structures in the serum of PCOS women. 
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Lipoprotein rearrangements after low-dose Pio/Flu/Met 
intervention 
To confirm that the lipoprotein profile is severely affected by 
the Pio/Flu/Met treatment, we measured the size of lipoprotein 
particles in serum samples prior to and at the end of the 30 
months intervention, according to our recently described 
methodology [21]. In brief, the size of different lipoprotein 
subclasses were estimated using up to seven Lorentzian functions 
to fit the methyl peak surface obtained from 2D (bipolar-LED) 
diffusion edited 
1
H-NMR experiments. Then, diffusion coefficients 
and hydrodynamic radius through Stokes-Einstein equation for 
each one of these seven functions were estimated. Figure 3A 
shows the average methyl spectrum centered at 0.85 ppm after 30 
months of polytherapy in relation to the average signal at baseline. 
The shift to the upfield region in the spectra after the treatment 
indicates a greater contribution of the HDL subfraction to the 
signal of methyl groups. Figure 3B shows the fitted spectrum of a 
treated PCOS patient using the seven Lorentzian functions. Based 
on the previously measured diffusion coefficients described in our 
methodology [21], we estimated the hydrodynamic radius (i.e., 
size) for each of these functions. Figure 3C shows the mean 
percentage of variation of the estimated radius for each function 
as a result of the Pio/Flu/Met treatment. The polytherapy resulted 
in significantly increased radiuses associated with atherogenic 
small, dense LDL (F3) and protective large HDL (F4-F6) lipoprotein 
subclasses. 
UNIVERSITAT ROVIRA I VIRGILI 
MASS SPECTROMETRY AND NUCLEAR MAGNETIC RESONANCE BASED METABOLOMICS APPLIED TO THE STUDY OF POLYCYSTIC OVARY SYNDROME 
Sara Samino Gené 
Dipòsit Legal: T.63-2014 
 
Results 
188 
 
Figure 3. Lipoprotein 1H-NMR analysis. (A) Comparative bipolar-LED diffusion 
mean spectra of the methyl region (d 0.85 ppm) for untreated and treated PCOS 
patients. (B) Bipolar LED pulse sequence 1H NMR spectra of a treated PCOS 
serum showing the fitting of the methyl band using the seven Lorentzian 
functions derived from our previously described methodology. Black line 
represents the original methyl envelope and green line thereconstructed 
spectrum after the fitting. (C) The estimated radiuses of lipoprotein particles in 
serum calculated using the seven Lorentzian functions were compared at 
baseline and after 30 months of Pio/Flu/Met polytherapy. 
 
Mass spectrometry analysis 
Our mass spectrometry-based platform involves LC-ESI-TOF-MS 
and GC-single quad MS profiling followed by data analysis with the 
open-source software XCMS. The relative abundance of 
metabolites in serum samples was quantified by comparing the 
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integrated area of each feature, and calculating the percentage of 
variation of such feature to indicate the level of differential 
regulation prior to and at the end of the Pio/Flu/Met intervention. 
Some of the most up-regulated metabolites were identified by 
tandem MS/MS. Metabolite annotations and statistical analysis are 
summarized in Table 2. Metabolites identified using GC-MS were 
consistent with NMR data. For example, the levels of glutamate 
and 1,2-propanediol in serum were also significantly decreased 
after the polytherapy. In addition, the treatment led to decreased 
levels of nonanoic, glutaric and azelaic acid. Of note, the level of 
azelaic acid resulted positively correlated with carotid IMT (r=0.92, 
p=3.96×10-7) (Figure 4). LC-MS data showed that the treatment 
resulted in significantly increased level of caprylic acid, whereas it 
induced a marked reduction in the level of 9-HODE and 13-HODE, 
the most abundant mono-hydroxyderivative forms resulting from 
the oxidation of linoleic acid.  
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Figure 4. Correlation between IMT and azelaic acid levels in serum. Positive 
significant correlation (r = 0.92, p = 3.9661027) between carotid IMT values and 
azelaic acid levels. Azelaic acid levels were calculated as the ratio of the 
fragmentation peak of azelaic acid at m/z = 317 (retention time = 16.38 min) and 
the peak area of the internal standard. Red and green dots represent values of 
untreated and treated PCOS patients respectively.    
 
DISCUSSION 
The underlying causes of PCOS are still unknown, and therefore 
the medical treatment is tailored to the patient’s symptoms. 
Typically, these are lowering insulin level, restoration of fertility 
and regular menstruation, and treatment of hirsutism and acne. 
General interventions such as low-dose flutamide, metformin and 
pioglitazone in combination with an estro-progestagen can be very 
beneficial because it confers further improvements of the 
endocrine-metabolic state. Our metabolomic analysis has revealed 
that the polytherapy induces an increase in the estimated radius of 
small, dense LDL lipoprotein subclasses together with a reduction 
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in the level of oxidized LDL particles. These macromolecular 
rearrangements are associated with changes in the level of specific 
downstream metabolites produced by linoleic acid peroxidation 
(i.e. 9-HODE, 13-HODE). Linoleic acid represents the most 
abundant polyunsaturated fatty acid in LDL particles. Oxidation of 
LDL transforms linoleic acid into different hydroperoxyderivative 
(HPODEs) isomers [26], which are subsequently reduced and 
released by specific lipases from the membrane lipids as free 
hydroxyoctadecadienoic acid (HODE), such as 9- and 13-HODE, 
identified in our study [27] (Figure 5). In addition, the oxidative 
modification and degradation of fatty acids contained in LDL 
particles generates a complex array of shorter chain-length 
fragments that covalently modify ε-amino groups of lysine residues 
of the protein moiety to generate the oxidatively modified LDL 
particles [28,29,30]. Among these shorter chain-length fragments 
causing structural modifications of proteins, we have identified 
azelaic acid and glutaric acid [31]. It is worth mentioning that 
azelaoyl phosphatidylcholine (azPC) accounts for almost two-thirds 
of the oxidized phospholipids in oxLDL [32,33]. Also, accumulation 
of azelaic acid and glutaric acid in plasma of diabetic rat models 
and type 1 diabetic patients, respectively, has been reported 
previously [34], Overall, our NMR- and MS-based metabolomics 
study demonstrate that the Pio/Flu/Met polytherapy reduces the 
amount of oxidized lipoprotein particles and downstream oxidative 
metabolites in the serum of PCOS patients.  
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Figure5.Linoleic acid oxidation products.Formation of linoleic acid 
hydroperoxyderivatives (HPODEs) are further reduced to their corresponding 
hydroxyderivatives (HODES). Chemical structures of linoleic acid (18:2); 9- and 
13-hydroperoxylinoleic acid (9- and 13-HPODE); and 9 and 13-hydroxylinoleic 
acid (9- and 13-HODE). 
 
Previous studies explored the effect of flutamide, metformin, 
and pioglitazone in monotherapy or in combination therapy. For 
example, combined Pio/Met therapy in type 2 diabetic patients 
improved their specific lipid abnormalities [35,36,37,38]. 
Pioglitazone, when used both in monotherapy or in combination 
therapy, modifies the atherogenic lipoprotein profile reducing 
triglycerides, increasing the larger HDL2 subfractions and improving 
the HDL cholesterol load [39]. Very few studies, however, have 
addressed in detail the effects of pioglitazone and metformin in 
LDL subfractions. Lawrence et al [40] reported a significant fall in 
LDL3 mass and LDL3 proportion in overweight type 2 diabetic 
patients treated with metformin alone. The total cholesterol–to–
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apoB ratio (used as a surrogate marker for changes in LDL 
subfraction distribution), however, remained unchanged. In 
contrast, when overweight type 2 diabetic patients were treated 
with pioglitazone alone, a significant increase in the cholesterol-to-
apoB ratio was reported, indicating larger (and potentially less 
atherogenic) LDL particles. Pioglitazone alone also induced an 
increase of LDL particles diameter and a decrease in LDL density in 
normolipidemic, nondiabetic patients with hypertension [41]. 
Finally, the treatment of Goto-Kakizaki rats (a type 2 diabetes 
model) with pioglitazone reduced the levels of lipid peroxides in 
plasma and the susceptibility of LDL particles to oxidation [42]. Our 
findings result in good agreement with previous studies and 
evidence that the addition of pioglitazone to the combined 
flutamide/metformin polytherapy induces an increase in the mean 
diameter particles of small LDL subfractions. Besides, our 
comprehensive metabolomic approach allowed us not only to 
detect changes in the size of the different lipoprotein particles but 
also in downstream, oxidation products such as 9- and 13-HODE, 
azelaic acid and glutaric acid. Overall, our results demonstrate the 
utility of metabolomics to explore the effect of medical treatments 
on metabolic alterations. In this study, the combined 
pioglitazone/flutamide/metformin polytherapy reverses the 
oxidant status of untreated PCOS patients. Given that oxidation of 
LDL particles has been suggested to be the key triggering event in 
the progression of atherosclerotic lesions [43], and that the carotid 
IMT is also markedly reduced after 30 months of polytherapy, we 
UNIVERSITAT ROVIRA I VIRGILI 
MASS SPECTROMETRY AND NUCLEAR MAGNETIC RESONANCE BASED METABOLOMICS APPLIED TO THE STUDY OF POLYCYSTIC OVARY SYNDROME 
Sara Samino Gené 
Dipòsit Legal: T.63-2014 
 
Results 
194 
postulate that untreated young PCOS women may suffer early 
stages of atherosclerosis that could potentially have deleterious 
effects at older ages. Besides, we have demonstrated that azelaic 
acid levels are strongly correlated with carotid IMT. Hence we 
suggest that azelaic acid can be considered as an early marker of 
lipoprotein oxidation and subclinical atherosclerosis. 
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The ultimate goal of untargeted metabolomics is the 
comprehensive characterization and quantitation of small 
molecule in biological matrices. However, due to large chemical 
diversity of metabolites (e.g., sugars, aminoacids, vitamins, 
hormones, lipids, etc.), the achievement of this goal will depend 
largely on both the analytical platform and the sample extraction 
protocol used. And in this sense, there is not a unique sample 
preparation protocol neither an analytical platform that allow 
complete metabolome coverage.  
Therefore, it is desirable to implement different 
methodological procedures, including various metabolite 
extractions, combination of MS ion sources [24] , different  type of 
chromatographic column [9] and more than one analytical 
platforms (NMR or MS).  
In practice, however, the vast majority of metabolomic studies 
have been performed by using a single analytical platform based 
on either NMR [116,117] or MS [16,118] technology. Few studies 
have taken full advantage of the complementarity between NMR 
and MS [12,17]. Apart from the need of experitse in MS and NMR 
and the availability of both technologies, the main reason for using 
a single platform is the disparity between sample preparation for 
NMR and MS analysis. Therefore, in the few studies that have 
aimed to measure the same sample by using LC-MS and NMR, the 
original sample was aliquoted and subjected to different extraction 
protocols [119]. Alternatively, the supernatant obtained after the 
extraction process is aliquoted, dried an later dissolved in specific 
UNIVERSITAT ROVIRA I VIRGILI 
MASS SPECTROMETRY AND NUCLEAR MAGNETIC RESONANCE BASED METABOLOMICS APPLIED TO THE STUDY OF POLYCYSTIC OVARY SYNDROME 
Sara Samino Gené 
Dipòsit Legal: T.63-2014 
 
Discussion 
204 
solvents for NMR or LC-MS [120]. This common practice requieres 
initial large sample volumes, which may preclude the analysis of 
important biofluids, such as vitrous humor or cerebral spinal fluid 
(CSF). 
In this context, section 2.1.1 describes the optimization of a 
metabolite extraction and sample preparation protocol for 
measuring metabolites by NMR followed by LC-MS without further 
pre-treatment. Twelve extraction methods were tested, using a 
combination of different solvents and temperatures. The results of 
this study showed that the choice of solvents largely determined 
extraction efficiencies, and extraction methods based on 
methanol/chloroform/water (7:2:1) and methanol/water (1:1) best 
showed the complementarity of NMR and LC-MS in metabolomics, 
providing high extraction yields and minimal repetition of 
metabolites between platforms. However, the most striking result 
derived from this study was the demostration of deuterated 
solvents used for NMR have essentially no effect on the MS data. 
This opens up a new opportunities to explore compatible 
extraction procedures for both NMR and MS metabolomics 
experiments with the aim to increase the metabolome coverage 
using one single sample aliquote. The study also shows the 
complementarity of NMR and LC-MS allowing those metabolites 
that are not readily ionized by ESI such as glucose, or metabolites 
that are not retained using reverse-phase chromatography such as 
lactate, can be detected directly using NMR technology. At the 
same time, metabolites at very low concentration such as 
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pantothenic acid or acetil CoA are not detected by NMR and, 
instead, are detected by LC. This complementarity between 
analytical platforms should gather more information about the 
levels of metabolites perturbed, thus enabling a wider 
interrogation of the fundamental biochemical processes involved 
in the underlying phenotype.  
After sample preparation and data adquisition by NMR or MS, 
the next critical step in our untargeted metabolomics workflow is 
data pre-processing and data analysis. Metabolomics data analysis 
aims to identify metabolite features that are differentially altered 
between sample groups. Metabolomic technologies, however, 
produce large amounts of data (particularly MS platforms), and 
dealing with such complex datasets can exert a significant 
influence on the quality of metabolite quantification and 
identification. Unfortunately, a standarized protocol for data and 
statistical analysis in metabolomics has not been stablished.  
To partially address this issue, section 2.1.2 of this thesis 
introduces a robust data analysis workflow. This workflow is based 
on XCMS software, wich provide a method for peak picking, 
retention time alignment and quantification of metabolite features 
in MS metabolomics experiments. Its important to remind that this 
software does not output metabolite identifications. Rather, it 
provides a table containing thousand of features with their 
maximum intensity (or integrated area) for each of them in each 
sample. Determining the identity of thousands of features is 
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virutally impossible.  For this reason, it is imperative to implement 
filters to reduce the complexity of the data.  
Our first filter deals with analytical variation: most common 
sources of analytical variation in LC-MS and GC-MS experiments 
results from sample preparation, instrumental drifts caused by 
chromatographic columns and MS detectors, and errors caused in 
data processing [99].  Here, analytical variation is handled by using 
quality controls (QC) [121]. QC are pools of individual samples 
analyzed in the experiment, which are analyzed periodically 
throughout the sample worklist. The variation observed in QC 
samples can be calculated for each feature and data preprocessing 
algorithms can be applied to remove those features that show 
larger analytical than biological variation.  
Next, statistical analysis is performed. This step is pivotal for 
untargeted metabolomic experiments, since only those features 
showing statistically significant differences among groups will be 
taken for MS/MS identification [72,122]. The majority of 
metabolomic studies use multivariate models to report their main 
findings. However, untargeted metabolomic datasets can also be 
approached from a univariate perspective using traditional 
statistical methods that consider only one variable at a time. The 
use of both methodologies maximizes the extraction of relevant 
information from metabolomics datasets.  
In this thesis, the impact of univariate statistical analysis on LC-
MS based metabolomic experiments was studied in section 2.1.2. 
We aimed to stablish a practical guide with resources to overcome 
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common challenges when performing multiple univariate analysis. 
The ultimate goal was to constraint the number of initially 
detected features to an amenable number for further MS/MS 
identification experiments. Hence, the choice of potential 
metabolites is purely an statistical decision. In summary, section 
2.1.2 demonstrates the importance of QC, the choice of the best 
univariate test based on a specific experimental design, the 
correction of p-values by implementing false discovery rate tests, 
and the use of fold changes to numerically represent differences 
among groups.   
Finally, those features passing our statistical criteria are 
searched in dataases such as Metlin or HMDB. Features that return 
a hit in databases are considered putative metabolites, which will 
be further verified by MS/MS and/or retention time using pure 
standards. Given that this represent the rate-limiting step of the 
untargeted metabolomic workflow, it is essential to reduce and 
prioritize features from raw data. 
Real untargeted metabolomics examples are shown in section 
2.2, where xcms software [56] has been used for GC and LC data 
pre-processing. In all cases, feautres derived from statistical 
analysis are initially identified as putative metabolites using 
different libraries such as Nist or Fiehn for GC and Metlin for LC. 
Metabolites are unequivocally confirmed by matching retention 
time and MS/MS spectra with that of pure chemical standards. 
Despide this high degree of confirmation, unamiguous assignments 
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of observed metabolite features to a single metaboliet are not 
always achievable.  
 Finally, identified metabolites must be interpreted in a 
biological/biochemical context. In this thesis, women with PCOS 
have been studied, and our metabolomic results are discussed on 
the basis of this physio-pathological condition. PCOS is associated 
with long-term risk factors for the development of severe 
metabolic disorders including  obesity, diabetes and cardiovascular 
disease [87]. The pathogenesis of PCOS is complex and its aetiology 
remains uncelar. This complexity presents challenges for a full 
understanding of the molecular pathways that contribute to the 
development of this major disease. In this thesis, key metabolomic 
methodologies, including NMR and MS, have been used to provide 
new mechanistics insights on PCOS.  
Section 2.2.1 describes two metabolomic studies aimed to 
discover clinically relevant pathways that are affected by PCOS: (i) 
in the first work (section 2.2.1.1), we studied the impact that 
obesity exerts on the metabolic disorder of women with PCOS. This 
was studied by applying an untargeted GC-MS-based 
metabolomics approach to plasma samples. In this work, 
metabolomic signatures for obese PCOS patients were compared 
with signatures for lean PCOS patients and control women, with 
the aim to elucidate how abdominal adiposity and obesity affect 
PCOS. Approximately 50% of women with PCOS are overweight or 
obese and most of them have abdominal obesity. Obesity, and 
particularly abdominal obesity, may be partly responsible for 
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insulin resistance and associated hyperinsulinemia in women with 
PCOS.  
Our results show that obese PCOS women present elevated 
levels of glycerol and plasma long-fatty acids including linoleic and 
oleic acid, which suggest increased lypolysis in these patients. 
Conversely, lean PCOS women showed a metabolic profile 
characterized by reduced lipolysis and increased glucose utilization 
(i.e., increased lactic acid concentration) in peripheral tissues. 
Furthermore, women with PCOS were associated with decreased 
α-tocopherol levels independently of obesity. These results show 
that substantial metabolic heterogeneity, strongly influenced by 
obesity, underlies PCOS. Moreover, both obese and lean patients 
with PCOS were hyperinsulinemic and insulin resistant compared 
with the control group. We postulate that hyperinsulineamia may 
occur in the absence of insulin resistance in some women with 
PCOS, particularly in those without abdominal adiposity and/or 
obesity. Consequently, we decided to focus our PCOS research in 
young lean PCOS patients, understood as an homogeneous group 
of patients with similar phenotypes. 
In the second work (section 2.2.1.2), we elucidated new 
metabolic insights on PCOS in a cohort of young lean PCOS patients 
by applying a untargeted metabolomic approach based on NMR 
and LC-MS to serum samples.  
Our results indicate that women with PCOS activate the 
biosynthesis of GSH through the γ-glutamyl cycle to compensate 
their oxidative imbalance (i.e., redox status). This is reflected in 
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greater levels of GSH (and GSH/GSSG ratio) in PCOS. In addition, 
our NMR-based lipoprotein analysis showed a dyslipidemic profile 
in women with PCOS that we also associate with an atherogenic 
profile in these women. Previous studies described that oxidative 
stress can cause lipoprotein modifications. Our metabolomic 
results revealed alterations in the levels of methionine and 
methionine sulfoxide in PCOS women, which we postulated was 
indicative of increased oxidation of methionine residues in apo-A1 
from HDL particles. We confirmed our hypothesis by measuring the 
the amount of peptide containing methionine-148 residue by 
MALDI-TOF MS, and calculating the ratio of oxidized Met-148/Met-
148 in apo-A1 in control and PCOS women. Overall, the 
combination of metabolomics and proteomics revealed that the 
atherogenic profile of women with PCOS could result from an 
elevated oxidative stress that, in turn, impact HDL functionality 
through oxidation of apo-A1. Therefore, we propose that elevated 
levels of methionine sulfoxide in serum, oxidized methionine-148 
in apo-A1, and the lipoprotein profile by NMR might constitute 
earlier biomarkers of metabolic syndrome.  
Another potential application of metabolomics is the study of  
drug response phenotypes. This type of studies provide possible 
mechanisms and biomarkers responsible for variation in drug 
response. Therefore, the global mapping of metabolite signatures 
pre- and post drug treatment could reveal new metabolic 
responses to drug treatment. In this context, the third work of this 
thesis (section 2.2.2) illustrates the potential of metabolomics to 
UNIVERSITAT ROVIRA I VIRGILI 
MASS SPECTROMETRY AND NUCLEAR MAGNETIC RESONANCE BASED METABOLOMICS APPLIED TO THE STUDY OF POLYCYSTIC OVARY SYNDROME 
Sara Samino Gené 
Dipòsit Legal: T.63-2014 
 
Discussion 
211 
elucidate novel biochemical responses to polytherapy in women 
with PCOS. This study benefited from the implementation of three 
different analytical platforms (i.e., NMR, LC-MS and GC-MS) to the 
study of serum PCOS samples before and after low-dose 
metformin, flutamide and pioglitazone in combination with an 
estroprogestagen. This new polytherapy decreased levels of 
oxidized LDL particles in serum, as well as downstream metabolic 
oxidation products of LDL particles such as 9- and 13-HODE, azelaic 
acid and glutaric acid. In contrast, the polytherapy increased the 
size of small LDL and large HDL particles. Clinical and endocrine-
metabolic markers were also monitored, showing that the level of 
HDL cholesterol was increased after the treatment, whereas the 
level of androgens and the carotid intima-media thickness were 
reduced. Significantly, the abundance of azelaic acid and the 
carotid intima-media thickness resulted in a high degree of 
correlation. Altogether, our results reveal that this polytherapy 
markedly reverts the oxidant status of untreated PCOS women, 
and potentially improves the pro-atherogenic condition in these 
patients. 
In summary, our metabolomic studies converge in a new 
hypothesis for PCOS (Figure 5) and, ultimately, for diabetes: 
hyperandrogenism, understood as high serum testosterone levels, 
and insuline resistance are common traits in women with PCOS. In 
turn, insulin resistance is thougt to promote the hyperandrogenism 
through the compensatory hyperinsulinemia [123]. Importnantly, 
our PCOS patients present hyperandrogenism, oxidative stress and 
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a dyslipidemic profile, without hyperglycemia. We showed that 
dyslipidemic profile result, in part, to lipoprotein modifications 
induced by oxidative stress. Several characteristics such as 
androgen excess, abdominal adiposity, insulin resistance and 
obesity in PCOS patients may contribute to the development of 
local and systemic oxidative stress which may reciprocally worsen 
these metabolic abnormalities [82]. However, our young lean PCOS 
patients are solely characterized by androgen excess. Recently, a 
couple of studies have demonstrated that hyperandrogenemia and 
glucose ingestion induce oxidative stress [123,124]. Consequently, 
we postulate that hyperandrogenism in combination with glucose 
intake induce oxidative stress and ROS production at early stages in 
young lean women with PCOS. This will promote the oxidation of 
lipoprotein particles and ultimately will result in dyslipidemia. 
Therefore, the dyslipidemic profile predates any other 
complication associated with PCOS such as inuslin resistance or 
type 2 diabetes. More studies are needed to confirm our 
mechanism, however, it seems evident that this hypothesis can be 
extrapolated to pre-diabetic patients opening up new possibilities 
for diagnostic.  
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Figure 5. Schematic representation of hypothesis for PCOS 
 
Then, results presented in this thesis demonstrated the value 
of metabolomics as a global profiling tool in discovery-driven of 
metabolic dysregulation pathways in PCOS disease. All these works 
together provide novel biochemical insight into PCOS disease and 
have opened a window into the metabolic dysregulation of PCOS 
disease.  
This thesis demonstrates the utility of metabolomics for global 
profiling studies. In particular, the clinical studies here presented 
have revealed novel biochemical insights into the metabolic 
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dysregulation of women with PCOS. Furthermore, our serum 
metabolomic studies open up new opportunities for diagnostics 
and can facilitate monitoring of disease progression and 
therapeutic intervention. I anticipate that human diagnosis based 
on single molecule biomarkers will be replaced in the near future 
by metabolomics based multiparameter diagnosis, and may 
represent an extremely promising advance toward early detection 
of diseases such as PCOS. 
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WORK 1 
- The choice of solvents largely determined extraction 
efficiencies.  
- Methanol-containing methods are more effective in 
protein removal than those containing acetonitrile  
- Methanol/chloroform/water (7/2/1) and 
methanol/water (1/1) provide higher  extraction yields 
and minimal repetition of metabolites, showing the 
complementarity of NMR and LC-MS in metabolomics. 
- Deuterated solvents used for NMR have essentially no 
effect on the MS data. 
- The choice of solvent had more influence than the 
extraction temperature. 
WORK 2 
- Statistics is an essential tool for choosing those 
metabolites that will be identificate in LC-MS/MS. 
- The use of QC is an important issue in untargeted 
metabolomics experiments for handling analytical 
variation. 
- Metabolomics data analysis can be approached from a 
univariate perspective using traditional statistical 
methods. 
- A wide variety of univariate statistical tests to compare 
mean or medians are available for untargeted 
metabolomics experiments. 
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- Experimental design and data distribution are the two 
key considerations for choosing the correct univariate 
statistical test. 
- Multiple univariate statistical test is innevitably linked to 
false positives rates. Therefore, p-values must be 
corrected by false discovery tests.   
- A robust data analysis workflow for LC-MS represents 
the first step for a successful identification of relevant 
metabolites involved in biological phenomena.  
WORK 3 
- Untargeted metabolomics approach is a powerful tool 
for the study of PCOS. 
- The possibility that hyperinsulinemia may occur in the 
absence of universal insulin resistance in some women 
with PCOS, especially when abdominal adiposity 
and/or obesity are not marked, should be considered 
when designing diagnostic and therapeutic strategies 
for the management of this prevalent disorder. 
WORK 4 
- Metabolomics is a powerful tool to study new 
mechanistic insights in young lean PCOS patients. 
- Untargeted metabolomic approach has revealed that 
gamma-glytamyl cycle and oxidative stress is involved 
in PCOS pathogenicity.  
- Elevated levels of methionine sulfoxide in serum, 
oxidized methionine-148 in apo-AI, and the lipoprotein 
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profile might constitute earlier biomarkers of 
metabolic syndrome. 
WORK 5 
- Metabolomics is a powerful technique that permits 
exploring the effect of medical treatments on 
metabolic alterations. 
- The use of untargeted metabolomic approach has 
allowed not only to detect changes in the size of 
different lipoprotien particles but also in downstream, 
oxidation products such as 9 and 13- HODE, azelaic and 
glutaric acid.  
- The combined pioglitazone/flutamide/metformin 
polytherapy reverses the oxidant status of untreated 
PCOS patients. 
 
As a general conclusion, metabolomics can be considered a 
powerful tool for the study of metabolic disorders. Furthermore, 
metabolite profiling has demonstrated feasibility and flexibility for 
revealing new mechanistic insights in metabolic disorders that are 
not been consider when classical analysis is used. Therefore, our 
metabolomic analysis have demonstrated a great potential as a 
useful diagnostic technique and can facilitate monitoring of both 
disease progression and effects of therapeutic treatment. 
However, further efforts to understand the diversity of inputs to 
the metabolome will be an important resource for future 
metabolomic studies.  
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